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Depariment of Energy Zgb
Fernald Environmental Management Project g
P.0O. Box 398705
Cincinnati, Ohio 45239-8705
{513) 738-6357

MAR g 1992
‘DOE-1009-92

Mr. James A. Saric, Remedial Project Director

U. S. Environmental Protection Agency '

Region V - S5HRE-8J ' L «
77 W. Jackson Boulevard T

Chicago, I1linois 60604

Mr. Graham E. Mitchell, Project Manager
Ohio Environmental Protection Agency

40 South Main Street

Dayton, Ohio 45402-2086

Dear Mr. Saric and Mr. MitcheT]: '
TRANSMITTAL OF INFORMATION ON PARTITION COEFFICIENTS (K,s)

In response to the request made by the United States Environmental Protection
Agency’s Biological Technical Assistance Group regarding information on
partition coefficients (K,s) used in fate and transport modeling, we are
enclosing a copy of narrative, tables, and a 1ist of references on this
subject from the Risk Assessment Work Plan Addendum, February 1992. As a
supplement to this information, also enclosed are copies of selected reference
materials pertaining to the subject.

If you or your staff have any questions, please contact me at FTS 774-6159 or
(513) 738-6159.

Sincerely, -

¥k R. Craig
Ernald Remedial Action
Project Manager

FN:Craig

Enclosure: As Stated

@ Recvcled and Recyvclable :1
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obtained from site RI/FS samples. Additional data may be obtained from porosities listed in

published tables found in Morris and Johnson (1967), Driscoill (1986), and van der Leeden et ai.
(1990). =

6.1.4.5 Vertical Seepage Velocity
The estimates of the flow parameters were-used to calcuiate the seepage velocity for input into
the vadose zone transport model. To determine whether flow was occurring as a saturated front,

6
infiltration (q) was compared to the vertical hydrauiic conductivity (K,). If q 2 K, it is assumed 7
that saturated conditions exist and velocity is calculated based upon the following formuia: g

Vow = (K)(i)/n 63 o

where 10

pr = Seepage velocity (m/s) i}

K, = Vertical hydraulic conductivity (m/s) 12

i = Hydraulic gradient (m/m) 13

n = Porosity (unitless) 14

If g < K. it will be assumed that a seepage would not occur under saturated conditions and the 15

following formula wouid then be used to caiculate the seepage velocity: 16

Vow = 4/8 (6-4) 17

where 18

q = Infiltration (mvs) 19

@ = Moiswre content (unitiess) 20

Based on the assumptions of steady-stale moisture content. the selected K value. and using the 21

best field data available for hydraulic gradient. the calculated seepage velocity will be conservative 2

and tend to overestimatc the rate of fluid movement. 7

6.1.4.6 Partition Coefficients "

As contaminated leachate flows through a geologic formation. the individual contaminants may 25

react with the solids in the tormation in a varicty of degrees and ways. This slows the transport of 26

these contaminants. Partition coefficients. or "K,'s", are used to account for this phenomenon in - 27

the transport equation. A contaminant's Ky expresses the ratio of its concentration in the solid 8
and liquid components in the groundwater tlow system. at a given location in that system. The

o '
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use of Ky values assumes that a linear equilibrium relationship exists between the solid and
solution phase concentrations of a contaminant.

Site-specific K4 vaiues are currently available only for some mobile uranium compounds at the
site. A literature search will be compieted to determine appropriate K, values for the remaining
inorganic and radioactive constituents. Values found in the literature search wiil be carefuily

screened to select those values that will be derived under conditions that approximate those at the
FEMP.

When parameter values derived from literature are used. it is imperative that K, values from
similar environments be considered. Similar soil types and water compositions should be used to
generate the vaiues. Criteria used to determine similarities in soil types inciude: pH, Ey, mean
arithmetic particle diameter. total organic carbon (TOC), cation exchange capacitv (CEC), and
free ion oxides (FIO). This may prove difficult in terms of matching groundwater compositions
because most studies use dilute acid solutions spiked with the compound of interest and do not
represent natural conditions. However. these studies can provide an initial estimate of interaction
between the contaminant and the solid matrix. The use of literature K, values may result in

retardation vaiues that differ from site-specific conditions. and wouid result in uncertainty in the
estimate of contaminant concentration at the receptor.

When a site-specitic or literature-based K value is not available for a given organic chemical, its
Kg4 value can be calculated. using an organic carbon partitioning coetticient. or "K ", the amount

of carbon present in the soil matrix. and the sizc distribution of the matrix material in the vadose
zone {Mills et ai. 1985):

Kg = Koe [0201-06 + (N(x'eo)] (6-5)
where
Ky = Soil parutioning coefficient (mL/g)
Ko = Organic carbon partitioning coefficient (mL/g)
f = Mass fraction of silt or clay (unitless)
x = Organic carbon content of sand (unitless)
xf: = Organic carbon content of silt-clay (unitless)

The numerical values tor (f). (x*,.). and (xroc) will be site-specitic. The K, is the partition
coefficient of a contaminant between watcr and a 100% organic carbon representing the organic
material present in soil or sediment. Chemical-specific values tor K are available in the
literature for many organic compounds. Additional K. values may be caiculated using empirical

B 5
KNOX/RA-WP/AB.5-5/02-04-92 ,
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formulas relating the octanoi-water partitioning coetficient (Kg,) to the K. The K_,, (mL/mL)
is the ratio of a contaminant's concentrations in a system containing water and octanol. The
Kow's for the remaining constituents of concern are found in the U.S. EPA Water Engineering
Research Laboratory Treatability Database. Cincinnati. Ohio suppiemented by Howard (1990),

Montgomery (1990 and 1991). and Verschueren (1983), if necessary. The formuia (Mills et al.
1985) used to relate K, 10 K. is:

Koe = (0-63)(Ky) (6-6)

This approach of using empirical relationships assumes K is probiem-specific because it depends-
on both the chemicai modeled and the soil type. while K. is a property only of the chemicai
modeled. [While this approach is generaily acceptable. Cleary et al. (1991) present laboratory
evidence tor five voiatile organic compounds in eight ditferent soils which shows K, is not a'ﬁxed
property of the chemical in question.| Their study raises questions on the standard use of K,

values. However. the standard approach given by Equation 6-6 appears 1o be reasonable given
the lack of site-specific data.

Estimated K values for the major contaminants at the FEMP have been determined and are
presented in Tables 6-3 and 6-4. Chemicai forms ol these radionuclides and metals generally have
significant effects on partitioning coefficients and will be evaluated along with site-specific
analytical data. Radioactive decay products (progeny) of the radionuclides at the FEMP may not
have the same partitioning coetficients as the parent. The impact of such differences on fate and
transport modeling results will be evaluated. These estimates of K values are acceptabie for
screening purposes. and conservative Lransport asscssment.

The partitioning coefficient may also used to derive a retardation factor (RE). Though the Ky/RE
formuiation of the reaction term of the transport equation has numerous assumptions and
uncertainties associated with it. it nevertheless provides a practical means of incorporating the
reaction process into transport models.

6.1.4.7 Effects of Radioactive Decav and Biodegradation
Nuclear. chemical. and biological processes play major roles in the fate of some contaminants, and
are thus an important aspect of all fate and transport modeling. For example. concentrations of
both radioactive isotopes and organic compounds remaining in the environment for long periods
would be greatly overestimated without accounting for the etfects of radicactive decay and
biodegradation. Theretore. information about radioactive decav and environmental degradation is
used in several of the transport models.

~ W
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TABLE 6-3
PARTITIONING COEFFICIENTS FOR
RADIONUCLIDES AND INORGANICS AT THE FEMP*
Vadose Layer ¢ (Clay) Vadose Layer 2 (Sand & Graved)
(mi/fg) Reference (mi/g) Reference
Radionuctides
Ac-227 240E+03 | Sheppard & Thibauii 1990 4.50E+02 | Sheppard & Thibauit 1990
Cs-137 1.81E+03 | Sheppard et. ai. 1984 1.37E+03 | Sheppard et. al. 1984
Np-237 S.S0E+0i Shepparu & Thibault 1990 5.00E+00 Sheopara & Thibauit 1990
Pa-231 2.70E+03 | Shepparg & Thibaun 1990 5.50E+02 Sheppara & Thibauit 1990
Pb-210 J.00E+03 | Gerruse et. al. 1982 3.80E+01 Raj ang Zachara 1984
Pu-238 1.70E+03 | Glover ct. al. 1976 1.00E +02 Glover et. al. 1976
Pu-2391240 1.70E+03 | Glover e1. al. 1976 1.00E+02 Glover e1. al. 1976
Ra-224 696E+02 | Gillham et. al. 1981 1.06E+02 | Sheppard et. al. 1984 !
Ra-226 6.96E+02 | Gillham et. at. 1981 1.06E+02 Sheppard et. al. 1984
Ra-228 6.96E+02 | Gillham et. al. 1981 1L.OGE+02 | Sheppard et. al. 1984
Ru-106 8.00E+02 | Sheppard & Thibault 1990 5.50E+01 Sheppard & Thibault 1990
Sr-90 1.00FE+01 Sheppard et. al. 1984 2.50E+00 Sheopard et. at. 1984
Tc-99 1.18F.-01 Sheppara et. al. 1984 7.00E-02 Sheppard et. ai. 1984
Th-228 3.830E+03 | Sheppara & Thibautt 1990 3.20E+03 Sheppara & Thibauit 1990
Th-230 5.80E+03 | Sheppara & ‘Thibault 1990 3.20E+03 Sheppara & Thibault 1990
Th-232 SBOE+0Q3 | Sheppard & Thibault 1990 3.20E+03 Sheppard & Thibauit 1990
U-234 1.80E+00 | DOE 1989 1.48E+00 DOE 1989
U-235/236 1.BOE+00 | DOE 1989 1.48E+00 DOE 1989
U-238 1.BOE+00 | DQE 1989 1.48F+00 DOE 1989

KNOX/RA-WP/AB.5-5/02-04-92
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Coostituears Kd Kd _ ﬂ
(mi/g) Reference (mi/g) Reference )
Aluminum 1.50E+03 | Baes and Sharp 1984 “ 1.SE+03 | Baes and Sharp 1984
Arsenic 2.00E+02 | Baes and Sharp 1984 ! 200E+02 | Baes and Sharp 1984
Antimony 250E+02 | Sheppard & Thibauit 1990 4.50E+01 Sheppard & Thibauit 1990
Barium 1.14E+03 | Giltham et. al. 1981 200E+01 | Sheppard et. af. 1984
Bervihum 1.30E+03 | Sheppara & Thibauit {990 2.50E+02 | Sheppard and Thibauit 1990
Cadmium 5.00E+02 Gerritse et. al. 1982 1.20E+01 Raj ana Zachara 1984
Calcium 5.00E+0! | Sheppard and Thibautt 1990 5.00E+00 | Sheppard and Thibault 1990 »
Chromium 1.50E+03 | Sheppara and Thibault 1990 TO0E+01 Sheppard and Thibauit 1990
Cobait 5.50E+02 | Sheppard and Thibault 1990 " 6.00E+0! | Sheppard and Thibauit 1990
Copper 1.2SE+02 | Gerritse et. at. 1982 3.50E+0i | Baes and Sharp 1984
{ron 1.65E+02 | Sheppard and Thibautt 1990 2.20E+02 | Sheppard and Thibauit 1990
Lead 3.00E+03 | Gerruse et. al. 1982 3.80E+0! | Raj and Zachara 1984
Magnesium 4S0E+00 | Baes and Sharp 1984 4.50E+00 | Raes and Sharp 1984
Manganese 1.80E+02 | Sheppara and Thibault 1990 SOE+01 Sheppard and Thibault 1990
Mercury 1.00E+01 Baes and Sharp 1984 1.00E+01 | Baes and Sharp 1984
Molvbdenum 9.00E+0! | Sheppard and Thibauit 1990 1.OE+01 Sheppard and Thibault 1990
Nickel 6.50E+02 | Sheppard and Thibault 1990 4.00E+02 | Shepparg and Thibauit 1990
Potassium 7.50E+01 | Sheppard and Thibauit 1990 .5QE+01 | Sheppard and Thibault 1990
Selenium 7.40E+02 | Sheppara and Thibauit 1990 q 1.50E+02 | Sheppard and Thibauit 1990
Silver 1.80E+02 | Sheppard and Thibauit 1990 9.00E+01 | Sheppard and Thibault 1990
Sodium 1.00E+02 | Baes and Sharp 1984 1.0O0E+02 | Baes and Sharp 1984
Thallium 1.50E+03 Baes and Sharp 1984 ' 1.S50E+03 | Baes and Sharp 1984
Vanadium 1.00E+03 | Baes and Sharp 1984 2.00E+02 | Gerritse et. al. 1982
Zinc 2.40E+03 | -Sheppard and Thibault 1990 2.00E+02 | Sheppard and Thibauit 1990

(V¥ )
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TABLE 64
PARTITIONING COEFFICIENTS FOR ORGANIC COMPOUNDS AT THE FEMP?

— “_ nniedebmndiod
1,1-Dichloroethane | 6.1TE+01 3.89E+01 1.1S8E+00 5.10E-01
1,1-Dichloroetnene J02E+01 1.90E+01 5.78E-01 2.50E-01
1,1,2-Trichioro- t
1.2.2-trifluorethaned 1.4S8E+02 9.32E+01 2.83E+00 1.22E+00 .
1.1.1-Trichioroethane 295E+02 1.86E+02 L 5.65E+00 2 44E+00 | ¢
1122 Tetrachioroetnane | 2.46E+02 1555 +02 170E+00 2 03E+00 .
1.2-Dichioroethene® | 1L.23E+02 T.I5SE+01 236E+00 1.02E+00 | 1C
2-Butanone 1. 81E+00 1.14E+00 347E02 1.50E-02 1
2-Methvinaphthalene 7124E+03 156E+03 139E+02 5.98E+01 1.
2-Methvt phenot 8.91E+01 5.61E+0t L71E+00 71.36E-01 1
Z-Probanol 6.90E-01 4.35E-01 1.32E-02 5.70E-03 1¢
2,4-Dimetnhyi phenol 2L63E+02 1.66E+02 S.04E+00 2.17E+00 18
4-Methvi-2-Pemanone® 1.23E+01 7.75E+00 2.36E-01 1.02E-01 1€
4-Methyt phenol® 7.94E +01 5.00E+01 1.52E+00 6.5TE-D1 I
Acenapnthene SRE+03 5.24F+03 1.59FE+02 6.88E +01 18
Acetone | 5.70E-01 3.59E-0! 1.09E-02 471E03 - 1<
Antnracene ‘ 280E+04 1.76E+04 5.36E+02 231E+02 pls
Aroctor-1016 240E+04 1S1E+04 4.60E+02 1.9BE+02 21
Arocior-1242 1.29E+04 S.H1E+03 247E+02 1.06E+02 2

Arocior-1248 3.62E+05 3S4E+0S 1.08E+04 4.65E+03 23

Arocior-1254 1.0TE+06 6.7SE+05 205SE+04 8.86E+03 24

Aroctor-1260 1.29E+06 8.13E+05 247E+04 LOTE+04 PA]

Benzene 1.35E+02 8.51E+01 2S9E+00 1.12E+00 26

Benzora)anthracene 1 00E+05 2L52E+05 7.66E+03 3.31E+03 27

Benzota)pyrene 9.55E+05 6.02E+05 1.83E+04 7.89E+03 28

Benzot b)fluoranthene © T2E+06 234E+06 7.11E+04 3.07TE+04 29

Benzot g.h.i)perviene 1.70FE+07 1.07E +07 3.25E+0S 1.40E+05 30

Benzot k)tluoranthene 6.92E +06 1.36E+06 1.32E+05 5.72E+04 31

W g
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Constituents (mi/mL) (mKl.och)

Benzoic acid THE+01 467E+01 1.42E+00 6.13E-01
Beta-BHC 6.31E+03 398E+03 1.21E+02 5.2E+01
Bis(2-ethvihexvi)phthataie 2.00E+05 1.26E+05 1E+03 1.6SE+03
Butyibenzyt phthatate 6.03E+04 3.80E+04 1.1SE+03 198E+02
Carbonaisuifide 1L.4SE+02 9.14E+01 2.78E+00 1.20E+00
Carbon tetrachionde 5.37E+02 I38E+02 1.03E+01 1 44E+00
Chioroform 9.33E+01 I88E+0! 1.79E+00 71EQ1
Chlordane 6.03E+02 3B0E+02 1.1ISE+0! 198E+00
Chrvsene 4.00E+05 2S2E+05 7.66E+03 331E+03
cis-1.2-Dichloroethene® 1.02E+01 1.90E+01 5.78E-01 2.50E-01
Cvanide 2.24E+00 1.41E+00 4.29E-02 1.85E-02
DDT 1.SSE+06 9.77TE+05 2.97E+04 1.28E+04
Dibenzoturan 1.32E+04 8.32E+03 253E+Q2 1.09E+02
Dibenzora.h) anthracene 9.33E+0S 588E+05 1.79E+04 TTIE+03
Di-n-butyt phthataie 1.S8E+05 9.95E+04 3.03E+03 1.31E+03
Di-n-octvt phthatate I.S8E+0Y 9.9SE+08 3.03E+07 LIE+07
Ethyibenzene L A0E+03 8.82E+02 2.68E+01 1.16E+01
Ethyt paratmon® 5.75E+03 3.63E+03 1.10E+02 4.76E+01
Fluorantnene 2.14E+05 1.3SE+03 $.09E+03 1.77E+03
Fluorene 1.50E+04 9.45E+03 2.87E+02 1.24E+02
1deno( 1.2.3<d)pyrene 4.57TE+07 288E+07 8.75E+05 3.78E+05
Methyt parathion 1.10E+02 6.93E+01 LUE+00 9.09E-01
Methviene chioride 1.18E+01 1.12E+01 141E01 1.47E-01 |
Naphthatene 230E+03 1.45K+03 440E+01 1.90E+01
N-Nitrosodiphenyt amine 1.35E+03 8.51E+02 2.59E +01 1L12E+01
Pentachiorohenol 1.02E+05 0.43E+04 1L.9SE+03 8.43E+02
Phenot 2.88E +01 1.81E+01 5.52E.01 2.38E-01
Phenantnrene 290E+04 1.83E+04 5.55E+02 240B+02

KNQX/RA-WP/AB.5-5/02-04-92
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Pyrene 1.S1E+05 9.54E+04 2.90E+03 1.2SE+03 1
Tetracnicroetnene 339E+02 2.13E+02 6.49E+00 2.80E+00 2
Toluene 1.90E+02 3.09E+02 9.38E+00 4.05SE+00 3
Trichtoroethene 3139E+02 LI3E+02 6.49E+00 2.80E+00 | 4
Total Xylenes I.10E+03 6.93E+02 L11E+01 9.09E+00 5
Vinyi Chloride 1.98E+00 251E+00 7.62E-02 3.29E-02 6
— ]
4 This taote presents detault values. which are subject 10 change. tased on FEMP.site sie-speaiic data. 7
® K, taken from EPA Treatabiity Database ( 1990). 8
¢ Caiculaies by Equation 6-5. 9
d K, Cata are nat available in the EPA Treatabity Dalabase (1990). K, data from Howard ( 1990). 10.
¢ K,y data are not avaiabie in the EPA Treataniity Database (1990). K, data from Montgomery et al. (1990). 11

KNOX/RA-WP/AB.S-5/02-04-92 ,\‘ i1
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APPENDIX E: WATER PATHWAY FACTORS

Water pathway factors are components of the environmental transport
factors for water-dependent ingestion pachvafs. A water~dependent ingestion
pathway can be divided inco two segments: (1) a water pachway segment,
extending from the contaminated zone to a point where transport through the
food chain begins (a weil or surface water body), and (2) a food chain pachway
segment, extending from cthe pbin: af entry of a radionuclide from water into
the food chain to a point of human exposure. Transport through the water
pathway segment is characterized by a water/soil concentration ratio, defined
as cthe ratio of the concentration of the radionuclide in water used for
drinking, Lirrigation, or livescock water ta the concentration in the
contaminated =zone. Transport through the food chain pathway segment is
characterized by a water exposure‘factor, defined as the ratioc of the quantity
of a radionuclide ingested annually to the concentration in water used for
drinking, irrigation, or livestock water. The environmental transport facter

for the uétet°dependent ingestion pathway can be expressed as a product of a

water exposure factor and a water/soil concentration ratio:

ETF. _(r) = WEF. (t) = WSR, (t) (E.1)
ipqr ipqr ir
where
ETFipqr(t) = Eipqr(t)/si(t) = environmental transport factor at time t
for the itR principal radionuclide transported through the
pqr:h ingestion pathway (g/yr) -- E. (¢) is the rate of

ipqr
ingestion (pCi/yr) at time t of the jth principal radio-

nuclide cransported through the pquh pathway from cthe

® 2
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contaminated zone to a point of human exposure and Si(t)
is the average concentration (pCi/g) at time t of the itH
principal radionuclide in the contaminated zone,

pathway indices =- the indices p and q identify the food
chain segment of the pathway (see Table 2.1 and Equa-
tion D.1) and the index r identifies the wacer p#chway
segment, i.28., the segment from the contaminated zone to

well water (r = 1) or surface water (r = 2),

= Eipqr(t)/wir(t) = water exposure factor at time t for the

ith orincipal radionuclide transported through the pqrth

pathway trom the point of water use to the point of expo-

sure (L/yr) == Eipqr(t) is the rate of ingestion (pCi/yr)

at time t of the ith principal radionuclide transported
through the pqrth pathway, and Wir(t) is the conceﬁtration
in water (pCi/L) at time t of the ith principal radio-
nuclide-transpor:ed through the rth water pathway segment
at the point of entry into the pq"? food chain, and

Wi (t)/s;(t) = water/soil concentration ratio at time t
for the r™P vacer pathway segment (g/L) -- W;.(c) is the
concentration in water  (pCi/L) at time t of the ithH
principal radionuclide transported through the r*0 vacer
pathway segment at the point of entry into a food chain

pathway segment, and Si(t) is the average concentration

(pCi/g) at time t of the ith principal radionuciide in the

contaminated zone.

.iii°a09
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The water exposure factor wEFipqr(t) is discussed

wacer/soll concentration ratic WSRit(t) is discussed as follows.

in Appendix D. The

A WSR is determined by the rate at which a radicnuclide is leached from
the contaminated zone, the time for this radionuciide to be transported along
the water pathway from the boundary of the contaminated zone to the point of
w#acer use, and the dilution that occurs along this pathway. The model for
estimating radionuclide leaching and formuias for calculating the leach rate
are given in Section E.l. Formulas that relate the radionuclide concentration

in water at the point of use to parameters that characterize the leaching and

iransport processes are derived in Section E.2.

E.l1 RADIONUCLIDE LEACHING FROM THE CONTAMINATED ZONE

Radionuclides adsorbed in soil are subject to leaching by infiltrating
wacter. Radionuclide leaching from the contaminated zone is the source for

groundwater contamination. Therefore, the first step in calculating

radionuclide concentrations in groundwater is to estimate the leaching of

radionuciides from the contaminated zcne.

A sorption-desorption, LlLon-exchange Lleaching model is used in the
RESRAD code. This model is characterized by a nuclide~dependent, first-order

leach rate comstant, L, which 1is defined as the fraction of available

radionuclide i leached out per unit time. The radiocnuciide release rate

(source scrength, in Ci/yr), Ri(t), can be written as (Yu 1987):

& (0) = L, ole2) 4 () 5, (€)

i %% (E.2)
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where

leach race for radionuciide i (yr™!),

[
]

= bulk density of the contamipated zone (kg/m’),

A = area of the contaminated zone (mz),

-3
~
(a4
~
(]

thickness of the contaminated zone at time t (m), and

th

w
[ add
~
[a)
~
]

average concencration of the i principal radionuclide in the

contaminated zone available for leaching at time t (pCi/kg).

The first-order leach rate constant used in the current version of

RESRAD is a time—-independent radionuciide leach rate constant that. is

esctimated based on the soil residence time for the initial thickness of the.

contaminated zone. A time-dependent radionuclide leach rate constant for

radionuciide i, Li(t). may be written as

I

e(cz) T(t) Récz)
i

Li(t) (E.3)

vhere
I = infiltration rate (m/yr),
e(CZ) = volumecric water content of the contaminated zone, and
(cz) _ . . , . . .
R = retardation factor in the contaminated zone for radionuclide i

(dimensionless).
The infiltration rate is given by

D=(l-c)lt-coe +1_] | (E.4)
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where

Q
@

o = evapotranspiration coefficient (0.7, dimensionless),

a
[}

¢ = runoff coefficient (0.6, dimensionless),

. = precipitacion rate (annual rainfall, 1.0 m/yr), and

.
([}

[
l}

cr = irrigation rate (0 m/yr).

To caleulate the infiltraction rate, the average evapotranspiratioa
coefficient is used rather than the average evapotranspiration race (see
Geraginty et al. [1973] for U.S. average). Using the average evapotranspi-
racion rate does not take incto account the correlation between precipitation
and evapotranspiration and, for arid regions, can give a spurious negative
infiltration rate. The evapotranspiration coefficient 1is related to -the

evapotranspiration race by the formula Co = Et/[(l - Cr)Pr + Irrl‘ Runoff

coeificients for a specific site may be obtained from Table E.l. It is

assumed that irrigacion water is controlled by ditching or by the duration of
application so that none will be lost by runoff. The defaulir irrigation rate
is for humid regions where irrigation is unnecessary; an appropriace generic
vaiue fcor arid regions would be [.. =1 m/yr. Site-specific values for the
precipitation and irrigation rates should be used whenever possible.

The volumetric water content of the contaminated zone, G(CZ), is the

. z
product of the saturated water content of the contaminated zone, ei:c) and
*

R(cz)

the saturation ratio of the contaminated zone, sat

. The saturated water

content is the water content when the soil material is saturated. Hence, asat

B oy
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TABLE E.1 Bunoff Coefficient Values
i Coeffi-
Type of Area cient Value
Agricultural Environment?
Flat land, with average slopes of 0.3 to 0.9 m c 0.3
per mile 1
Rolling land, with average slopes of 4.6 to 6.1l m c 0.2
per mile 1
Hilly land, with average slopes of 46 to 76 m c : 0.1
per mile 1
Open sandy loam c 0.4
2
Intermediate combinations of clay and loam c 0.2
2
Tight, impervious clay ¢ 0.1
2
Woodlands c 0.2
3
Cultivated lands - c : 0.1
3
Urban Eanvironment
Flac, residential area =-- about 307 imprevious Cr 0.4
Moderately steep, residential area =- about 502 C. 0.65
impervious
Moderately steep, built-up area == about 70Z . C, | 0.8
impervious

3The runoff coefficient for an agricultural environment is given by
C. = Il ~¢c =c =-c..
l 2 3

Source: Data from Gray (1970).
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equals p., where p, is the total porosity of the soil material, that is¥

1}
e
(2]

sat

(E.S)

The saturatiom ratio, R, is defined as the ratic of 8 over 8,acs Chat is

Rs N e/esar. = e/pt

“hen the medium 1s sacturaced, R, equals unity. Under unsaturated infiltration

condictions, the saturacion ratioc is a funcrion of the infiltracion rate, the

saturated hydraulic conductivity, and the texture of the soil. The saturation

ratio can be estimated using the following equation (Clapp and Hornberger
1978):

1
I +
R = }2b 3 (E.7)
s K :
. sat
where
I = infiltracion rate (m/yr),
Kgae = 98turated hydraulic conductivity (m/yr), and
b = soil-specific exponential parameter (dimensionless).
Represencative values of K 8

sat’ P2sar» and b for various soil textures are
listed in Table E.2.

*The superscript is omitted for a general definition.

The defipition appii}%
for all zones.

(E.6)
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TABLE E.2 Representative Values of Saturated Hydraulic
Conductivity, Saturated Water Content, and the
Soil~Specific Exponential Parameter

Hydraulic Saturated Soil-Specific
Conduccivity, Water Content, Exponential
Texture Ksac (m/yr) I Parameter, b
Sand 5.55 « 103 0.395 4.05
Loamy sand 4.93 « 103 0.410 4.38
Sandy loam 1.09 x 103 0.435 4.90
Silty loam 2.27 < 102 0.485 5.30
Loam 2.19 « 10?2 0.451 5.39
Sandy clay loam  1.99 x 102 0.420 7.12
Silty clay loam  5.36 x 10% 0.477 7.75
Clay Loam 773 < 108 0.476 8.52
Sandy clay 6.84 « 10! 0.426 10.40
silty clay 3.26 x 10! 0.492 10,40
Clay 4,05 « 10! 0.482 11.40

Source: Data from Clapp and Hormberger (1978).

The retardation factor for radionuclide i, Ry.» is the ratio of average

i
pore water velocity to radionuclide transport velocity. Assuming that the
adsorption-desorption process can be represented with a linear Freundlich

isotherm, the retardation factor can be calculated with the formula (Yu 1987)

b K4, oy Kq.

R. =1+ l=l+ L (E‘B)
di 8 P. Rs

where

bulk soil density (g/ch),

Ky, = distribution coefficient for the itH principal radionuclide
(ch/g), and

8 = volumetric water content (dimensionless).

| Yl
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The distribution coefficient is the radionuciide equilibrium concentra-
tion ratio of the adsorbed radionuclide (in soil) to the desorbed radionucliide

(in water). Representative distribution coefficients are given in Tables E.3

through E.6.

E.2 WATER/SOIL CONCENTRATION RATIOS IN TERMS OF
NUCLIDE WATER-TRANSPORT PARAMETERS

A water/soil concentration ratio can be expressed in terms of funetions
that characterize the source termg and transport processes and are applicable
for both simple and complex hydrogeological strata. 3y introducing simpli-

fying approximactions for the funcrional form of the breakthrough curve* that

are generally appiicable even for complex hydrogeological sctcructures, the

transport and source functions can be specified by a small number of nuclide
water-transport parameters, and various models can be used to derive relations
between chese parameters and measurable quantities. Thé analysis 1is
applicable to either the groundwater or surface water pathway; hence, in the
following derivatioen, :he- subscript r used to identify dJifferent wvacer
pathwavs has been omitted in order to simpiify the expressions.

Let Hg(C') be the average concen:ration.a: time t' of the il radio-
nuclide in water that has percolated through the contaminaced zone, measured
at the lower boundar; of the contaminated zone. This source of groundwater
contamination will result in a concentration W;{(t) at time t (t 2 t') of the
.th

1 radionuclide in water at the point of use (e.g., a well or surface water

body). One may express the relation between the source concentration Wi(t')

*The breakthrough curve is the concentration of a radionuclide in water act._the.
point of use as a funccion of time,

28



S

172 dﬁ(}g

TABLE E.3 Typical Average Distribution Coefficients for Various Elements
in Sand, Soils, and Clays

Average Average
Distribution "~ Distribution
Coefficient,? Coefficienc,?
K4 (cm3/g) Kg (ch/g)
Soils Geometric Soils Geometrric
and Standard and Standard
Element Clays Sand Deviation Element Clays Sand® Deviacion
As 3 0.3 1.8 Hg 100 10 -
Ba 50 5 - Ni 1,000 100 -
cd 7 07 2.4 Pu. 2,000 200 10
Ce 1,000 :00 3.7 Rad 70 7 7
cs® 500 80 2.4 Se 3 0.3 1.9
Cr (+9) 4 0.4 3.0 Ag 100 10 3.7
Co 1,000 100 - sedre 30 3 7.4
Cu 20 2 3.0 Th 60,000 6,000 4.5
F 0 0 - Trivium 0 0 -
Fe 1,000 100 - u 50 5 3.6
La 1,000 100 - Va 1,000 100 -
Pb 100 10 5.5 Zn 20 2 6.7
Li 500 50 - Zr ' 1,000 100 -
Mn 200 20 ' 15 '

3pata for As, Cd, Ce, Cr, Co, Cu, Pb, Mn, Pu, Se, Ag, Sr, Th, U, and Zn
from Baes and Sharp (1983); the values of K, are the geometric means
of the iLiterature data (see also Gilbert et al. [1983, pp. 3-57 to
3-60]). Data for other elements from Nuclear Safety Associaces (1980),
except as noted. All values have been rounded to one significant figure.

PThe values are taken to be 10%Z of the values of soils and clays (Nucl.
Saf. Assoc. 1980), excepr for cesium.

CFrom Isherwood (198l), using soil and quartz sand data, rounded to one
significant digic.

dsources: U.S. Nuclear Regulatory Commission (1980); Gee et al. (1980).

®The corresponding values from Isherwood (1981) for Sr are 73 for soils,
2.5 for quartz sand, and 24 for other sands.
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TABLE E.4 Distribution Coefficients for Strontium and Cesium?

Ky (cm3/g)
Condicions Strontium Cesium
Basait, 32-80 mesh 16=140 790-9,500
Basalt, 0.5~4 mm, 300 ppm TDS 39-280 220-1,200
Basalt, 0.5-4 mm, sea water 1.1 6.5
Basalt~fractured in~-situ measurement 3
Sand, quartz - oH 7.7 1.7-3.8 22-310
Sands 13-43 100
Carbonate, greater than 4 mm 0.19 14
Dolomite, 4,000 ppm TDS 5~14
Granite, greater than 4 mm 1.7 34
Granodiorite, 100-200 mesh 4~=9 8-9
Granodiorite, Q0.5-1 mm 11-23 1,000-1,800
Hanford sediments 50 300
Tuff 45-4,000 800-18,000
Soils 19-280 190-~1,000
Shaley siltstone, greater than 4 mm 8 310
Shaley siltstone, greater than 4 mm 1.4 100
Alluvium, 0.5-4 mm 48-2,400 120-3,200
Salt, greater than 4 mm '
saturated brine 0.19 0.027

3All values have been rounded to two significant figures.

Source: Data from Isherwood (1981).

W



TABLE E.5 Distribution Coefficients for Thorium

and Uranium
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Conditions

Kyq (cm3/g)

Thorium

Silt loam, Ca-saturated clay, pH 6.5
Montmorillonite, Ca-saturated clay, pH 6.5
Clay soil, 5 mM Ca(NO4),, pH 6.5

Medium sand, pH 8.15

Very fine sand, pH 8.15
Silt/clay, pH 8.15

Schist soil, 1 g/L Th, pH 3.2
Schist soil, 0.1 g/L Th
Illite, 1 g/L Th, pHd 3.2

Illite, 0.1 g/L Th, pH 3.2
Illite, 0.1 g/L Th, pH > 6

Uranium

Silt loam, U(VI), Ca=-saturated, pH 6.5
Clay soil, U(VI), 5 mM Ca(§03)2, pH 6.5

Clay soil, 1 ppm UO’Z, pH 5.5

Clay soil, 1 ppm~U0’2, pd 10
Clay soil, 1 ppm UO*Z, pd 12
Dolomite, 100-325 mesh, brine, pH 6.9

Limestone, 100~170 mesh, brine, pH 6.9

160,000
400,000
160,000
40-130
310-470
270-10,000
8

603.2
120
1,000
<100,000

62,000
4,400
300
2,000
270
4.5
2.9

Source: Data from Isherwood (1981).

~ o~
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TABLE E.6 Distribution Coefficients for Several Radionucliides

K K
d d
Element pH (cm3/g) Source Element ‘pH (cm3/g) Source
Uranium 2 0 . A Lead 2.2 1,850 B
8 100 7.7 10,000
10 600
13 50 4=9 99¢ - c
2.2 1.3 B Strontium 2 0.1 E
7.7 23,000 3 6
7 500
4=9 458 o 10 170
Thorium 2 500 A 4=9 274 ¢
5 3,000
l 50,000 ‘ Cesium 3 45 . E
13 50 5 150
8 - 905
2.2 1.2 B 10 650
7.7 30,000
4~9 1,100® c
4=9 60,0000 ¢
Plutonium 2 150 E
Radium 2 0 D 5 250
4 12 7 8,500
) 60 11 1,000
-7 100
4-9  1,800f c
2.2 13 B )
7.7 2,400 Deuterium All 0

3Ceomerric mean (GM) of values ranging from ll to 4,400, with a geometric
standard deviation (GSD) of 13.7.

5CM of values ranging from 2,000 to 510,000, wich a GSD of 4.5.
CGM of values ranging from 4.5 to 7,600, with a GSD of 5.5.

dgM of values ranging from 0.15 to 3,300, with a GSD of 7.4.
e6M of values ranging from 10 to 52,000, with a GSD of 6.7,

feM of values ranging from 11 to 300,000, with a GSD of 10.

Sources: A = Rancon (1973); B = Gee et al. (1980); C = Baes and Sharp
(1983); D = U.S. Nuclear Regulatory Commission (1980);
E = Staley et al. (1979).

LD
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and the point-of-use concentration Ui(c) in terms of a nuclide wacet-cranspo;t
function Gi(t,:') that is valid for any hydrogeological system.

Let swi,k(:) be the concentration at time t at the point of use due to
release of a pulse of unit concencration for a time interval ét' at time té =
wét' {i.e., for a source pulse where k is an integer, 6W§,k(;') = | when
két' < t' < (k + 1)8t' and GW?,k(t') = 0 otherwise]. The point-of-use concen—

zration may then be expressed as the sum of the contributions from the unit

pulses muitiplied by the source concentration for each pulse:

W (c) = é w?(:;‘) < éwa,k(” (E.9)

If the duration ét' of each unit source pulse is sufficiently small (&t' - 0),

the magnitude of each point-of-use pulse will be proportional to the source-

pulse duration and one can write

dwi k(r.) = Gi(t,tk) st (E.10)

’

vhere Gi(c.:i).is, by definition, the nuclide water-trangport function. In

the limit as &t' - Q, Equation E.9 becomes

c
W.(c) = G.(c,t") wie') de! (E.11)
L a 1 1

Using Equation E.ll, one obtains the following general formula for the

water/soil concentration ratio:

(cz)
ﬂb r
e(°2)si(c) "0

o

wsai(c) = Gi(t,t') Qi(t') Si(t') de! (E.12)

33
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where%®
WSR; (t) = wi(C)/si(C) = water/soil concentration ratio for the itR
principal radionuclide at time ¢, the time of use (kg/m}),
wi(t) = average concentration of the jeh principal radionuclide in
water at the end of the water pachway segment at the point
and time of use (Ci/m3),

Si(t) = average concentration of the jth radionuclide in the cén:ami-
nated zone at the time of use, including contribucions from
ingrowch from other principal radionuclides and the decrease
due to removal by radicactive decay and leaching (Ci/kg),

ab(CZ) = bulk density of the contaminated zone (kg/m3),
8(¢2) = yolumetric water content of the contaminated zone
(dimensionless),
Gi(t,t') = nuclide water-transport function for the i‘P principal radio-

nuclide (1l/yr),

t = time at which water is used for irrigation or drinking (yr),

and

t' = vime at which water leaves the contaminated zone (yr).

The volumetric water content 9(¢2) {g discussed in Section E.l. The

source term Q;(ct') in Equacion E£.12 is the leaching ratio, defined as the

*Note chat some quantities are expressed -in different units in different
formulas, e.g., WSR;(t) is expressed in g/L in Equation E£.l and kg/m3 in
Equation E.5. Units of meters, kilograms, and curies are used for inter-
mediate caleulations. Units of centimeters, grams, and picocuries are
generally used for input and ocutput data or quantities that are more easily

interpreted and compared when expressed in terms of these units. Conversxon
factors for actzvx:y concentratxons and dengities are l Cx/; = 109 pg

1 Ci/m? = 1 « 1098 pCL/c'n , and 1 kg/m =1 g/L=1x 107 g/cm

.
“
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wacterf/soil comcentration ratio for the ith principal radionuclide in the

contaminated effluent water from the contaminated zone:
Q(t') = glcz) w;(t')/(o;CZ)Si(t')l (E.13)

where

Wi(t') = average volume concentration of the ith principal radio-
nuclide in effluent contaminated water at the beginning of

the water pathway as it crosses the lower boundary of the

contaminated zonme at time t' (Ci/m3), and

$;(t') = average concentration of the ith principal radionuclide in

the soil in the. contaminated zome at time t', including
contributions from ingrowch from other principal radio-
nuclides and the decrease due to removal by radioactive decay
and leaching (Ci/kg).

W?(:') can be estimated as the ratio of the source release rate éi(t') and the

water flow rate IA. That 1is,

wi(:') = & (t")/IA. | (E.14) -

Substituring Equations E.2 and E.l4 into Equation E.1J yields

Qi(t') = a(cz) . -(E.IS)

Thus, the leaching ratio for a sorption-desorption, ion~exchange leaching

model is a constant.
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If the change in the hydrogeological environment within the time
horizon is smail, the nuclide water~transport funcrion will depend only aon the
time difference t - t', and the nuclide water-transport function will have the
functional form G {t,c') = G;(t - c'), If it is assumed that all decay

products migrate at the same rate as the parent radionuclide, the nuclide

water-cransport function can be written as

ci(c,c') = IDi(t,t') gi(t -c') (E.186)
where

IDi(c,:‘) = ingrowth and decay correction factor for radionuciide i from

time ¢' to time t (dimensionless)

= {7 s.(0) .. (e)}/(] s.€0) ID..(c")], and
] ji . "3 ji
J J

gi(: -~ ¢') = ingrowth- and decay-independent nuclide water-transport

h

function for the it principal radionuclide (l/yr).

The term IDji(t) is defined in Appendix F.

By using che source factor SFji(C) (defined in Appendix F), the average

. - .rh . : . . . .
concentration of the i principal radionuclide in the contaminated zone at

time t can be written as

5. (e) = % 5,(0) sF; (c) , (E.17)

In order to simplify Equaction E.l12, it is further assumed for the

groundwater pathway that the source factor SFji(t) can be replaced by an

M
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ingrowth and decay factor ID;i(t) and a leaching factor L. (r), that is
4 Le
8

SFji(c) = IDji(t) Lfi(t) (E.18)
The leacning factor may be written as
LE.(t) = exp(~- LiC)

1

(E.19)

wnere L; is the leach race for a first-order, ion-exchange leaching mechanism

as defined in Section E.i.

The expression for the water/soil concentration ratios (Equacion E.12)

then reduces to

D(cz)
b
WSR.(t) = I og.(c=-te")Q(e") L, (¢') 4 E.20
i e(cz) L (c) g @ i fi (E.20)

Equacion E.20 is used in this manual for deriving formulas for estimating che
concentrations of radionuciides in water used for drinking or irrigation.

The generai form of the nuclide water-transport funetion is such that,
1f a short pulse of contaminated water is released from the contaminated zone

during the time period 0 s t' < &t', there will be a time interval oty (the

breakthrough time) before the contamination reaches the point of use. Follow=
ing breakthrough, the concentration of the jth radionuclide at the point . of
use will increase to a maximum and then decrease back to a near-zero value in
a time interval ét;. This time is referred to as the rise time because it is

also the time for the concamination at the point of use to increase from zero

to a maximum value when the pulse release is replaced by a steady release




1 ai

starting at the same time.* The pulse of contaminacion at the point of use

may be idealized as a rectangular pulse of duration ét;. Thus, the nuclide

water—-traaspaort function may be approximaced by a function of the form

g;{t) =0, t £ Aty
= 83 A:i <t < Ati +* Gti |
=90, At; + ét; < ¢t (E.21)

wnere

Aty = breakthrough time for icth principal radionuciide (yr),

(1]
A
[}

fi/éti = rate of change of the concentration of itB principal

radionuclide at the point of water use for a unit inpuc pulse

(l/yr),

§t; = rise time for ith principal radionuclide (yr), and

f; = steady-sctate dilution factor = ratic of average concentration
th

of i*" principal radionuclide in water at the point of use to

the average concentration in effluent water at the contami-~
nated zone boundary for a steady~state reslease when there 1is

no ingrowth or decay (dimensionless).

Using Equations E.15, E.20, and E.21, the time dependence of the

water/soil concentration racio for the groundwater pathway, after being

#The rise time 6t; and the release pulse duration §t' are independent
quantities when the pulse duration is small; &t; is determined by the

transport properties of the groundwater pathway and will remain finite as
GC‘ - Oc ’

38
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corrected for radionuclide leaching, is

wsai(t) = 01 t < Aci
i S ( Nl
= 1 - expi{- {L.(c - ac.) ]},
;(Ez)aécz)S:iLi i i
’ i At. € t € At. + &c.
i i i
opf; ,
N ;(Ez)a(cz)st L [expi- Life = ey = 8cy)] - expl- (Li(t - Aci)]]],
oot ft, *+ 6L, <t (E.22)

where the various parameters are as defined before.

If the rise time is negligibly small (ét; = 0), Equation E.22 reduces

to
WSR. (c) = 0, < ne,
: o(cz)f
b 1 .
} eZcz)a(:z) exp[- (L (c - ar)))], o, <t (E.23)
d.

1

Formulas for calculating the transport parameters (dilution factors,
£:3 breakthrough times, at;; and rise times, &t;) for simple hydrogeological

systems are derived in Section E.3.
E.3 WATER TRANSPORT PARAMETERS

E.3.1 On-site Groundwater Pathway
The water transport paramecters for radionuclide i are the breakthrough

time ot (the time following the radiological survey at which radionuclides

o~

g4
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seen- in the systematic variability of our 8, estimates (Figs. 2.27 and 2.28) and F,, estimates (Figs
2.29 and 2.30). However, experimeatal determination of Fy for elements of atomic number grester
than 82 wouid be preferabie to our present approsch. if avaiiable..

2.4 The Distribution Coefficient, K,
The distribution coefficieat. Ky, is the ratio of elementai concentration in soil to that in water

in a soil-water system at equilibrium. . In gmLK,ummMmmmofmwaghnofml
and. miililiter voiumes of water. [n TERRA the distribution coefficient is used in the foilowing

equation to determine a location-specific leaching constant for elemental removal from a given- soil

depth,

P+I—E

Ay o= ’ (7)
. 8d |1 +(€-K,)]

where-

P =  apnuai average total precipitation (cm),

E =  annual average evapotranspiration (cm), -

I =  annuai average irrigation (cm),

d = depth of soil layer from which leaching occurs (cm),

p=  soilbulk density (g/cm’),

9 =  volumetric water conteat of the soil (mu- cm’)/cm‘).
Ky =  the distribution coefficient (mL/g).

Default estimates of K, used in the TERRA code are presented in Fig. 2.31. The mantissa of
these vaiues has been rounded off to the nearest 0.5 decimai place as for the other eiement specific
transport parameters. The vaiues for magnesium, potassium, caicium, manganese, iron, cobait,
copper, zinc, suwoptium, yttriunr moiybdeaum, techaetium, ruthenium, cesium, lead, poionium,
cerium, thorium, uranium. neptunium, piutonium, americium, and curium were determined through
a review of the K, literature. The estimates for the remaining ciements: were determined by a
correlation of K, with B,. DBecause of the inherent uncertainities in estimates of X,. for various
materiais, a bﬁddm:dmoimcmmmnndiudmhtwiam

2.4.1 Variability in K,

The first source of variability in the parameter is associated with the laboratory methods used
to determine K,. Generaily, the two most common techniques for determination of K, are the
column snd batch methods, aithough other methods have been employed to measure distributions of
chemical forms'¢’ or distribution among soil f{ractions.!® In the column method a soiution of

materiai in water is applied to a coiumn containing uniformiy packed soil. The K, of the material

is determined from comparison of the 50% breakthrough curves for the water and materiai
according to the equation .

R/ U (8)
V. l+%K4

Y, =- the veiocity of the migrating material (determined from the 50% breakthrough
curve) and

Ve ™= the velocity of the water.

9
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In the batch method. soil and water-arc shaken with the materiai for a period of time' until
equilibirum distribution between soil and water is achieved or assumed. Because of nonequilibrium
or the influences of convection and diffusion in the column method. these two techniques may give
different resuits for nonionic ciemental forms.'*® Thus. in searching the literature for X, values,
various biases and confounding factors inherent in the {aboratory methods used to determine K, are
reflected in the vaiues reported.

A second facior respoasibie for variation or imprecision in Xy measurement is a resuit of the
parameter being 2 ratio of two concentrations. A smail amount of error in measurement of either
the soii or water concentration of materiai may produce a large amount of error in the resuitant
ratio. For exampie, in a batch-type experimental system of 10 g soil, 100 mL H,0, and 100 ug of
material for which the true K is 190 mL/g, a 1% overestimate of the soil concentration (95.95 ug
in soil) yields a Ky of 237 mi/g, or approximately a 25% overestmate of K,. The reiative error in
K4 estimate from 3 given percent error in measurement of soil concentration increases rapidly with
increasing Ky (Fig. 2.32). The same is true with a given percent underestimate of the water
concentration as the true Ky of the materiai decreases. Thus, if an investigator ‘measures only one -
fraction of the soii-water system and determines the concentration of the other fraction by defauit,
significant. errors may be introduced into the K, estimate from very smail experimentai errors of
measurement. This magnification of experimentai error undoubtly contributes a significant amount
of variability to K, estimates for materiais which are highly soluble or insoiuble. :

A third source of vanability in Ky is its vaniation with soil type. Soils with different pH, clay
contenl, Orgamic matter content, free iron and manganous oxide conteats, or particle size
distributions will likely yieid different X, values: For exampie, in a study by Griffin and Shimp'*®
of lead absorption by ciay minerais, pH was shown to be an extremely important determinsnt of
K, From their data, an exponential relationship between Ky and pH of the clays was'found. At
pH > 7.0, lead K, is on the order of 107, and below this pH, K, ranges from 10! to 10%. Soil pH
has aiso beem shown to influence K, for- plutonium and curium:*3!=!33 rythesium, yterium,
zirconium. niobium, and cerium:'** arsenic and selenium;'**!% and manganese, iron. zinc, cobalt,
copper, cadmium, and caicium.'37=15%"

Another source of variation in Ky is the time factor invoived with its determination. Batch-
type K4 determinations are usuaily made over a period of a few to several hours until equilibrium is
achieved or assumed. If equilibrium does not occur within this short time period. some ervor is
introduced. Errors from -nonequilibrium K, determinations made after 24 hours, however, are
relatively insignificant.!$-13%180 A more significant error may be introduced by using short term X,
: determinations to simuiate leaching over time periods of months or years. Gast et al.® found that
sorption of Tc-99 by low organic soiis tended to significantly increase over a 5.6 week: period.
H Treatments of the soil with dextrose, H;0,, and steam sterilization, and sorption variation with
temperature—all indicated that microbiota played either a direct or indirect role in sorption.

. Heterotrophic bacteria capable of solubilizing PbS, ZnS, and CdS have been reported by Cale,!®!
. and microbial influences op the solubility of transuranics has also been suggested by Wildung and
; Gariand.'*? If microbial action is, indeed, important over the long term, then the appticability of
#H K, cxperiments carried out with oven dried and sieved soil to models of leaching in agricultural

soils over long time periods must be questioned.

" An analysis of the literature was performed to ascertain appropriate distributions of Ky for
various clements (Table 2.13). Because of the variation of X, with soil pH, an anajysis of 222
agricuitural soils!**!%* was used to determine a typicai range of pH for agricuitural soils. In these
soils, pH was found to be normaily distributed with a mean pH of 6.7 and 95% of the vaiues
between a pH of 4.7 to 8.7. Thus, the criterion was adopted of discarding K, vaiues which were:
measured in soils outside of the pH range of 4.5 t0 9. The K, determinations used to generate
Table 2.13 represeat a diversity of soils, pure clays (pure minerais were exciuded), extracting
solutions (commonly H,0, CaCl,, or NaCl), laboratory techniques, and magnification of
experimentai error. Also, unavoidably, singic measurements have been  combined with replicates,
means, and means of means to derive K, distributions. When many references have been used to

L
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Tabie 2.13. Estimates of the distrihation of K, for varioms

cloments in agricuitaral seils of pH 4.5 te 9.9

Element $Obs.  u° b expin)f Observed range References

Mg 8 1.5 040 46 1.6to 13.5 168, 166

K 10 1.7 049 5.6 201090 165

Ca 10 14 078 41 1.2t0 9.8 165

Mo 45 4225 1] 0.2 to 10,000 149, 158, 167, 163

Fe 30 32 20 2 1.4 to 1,000 149, 158, 167. 169

Co 57 39 11 47 0.2 to 3,800 149, 158, 160, 167. 169-171

Cu 58 .6 097 35 1.4 t0 333 157, 158

Za 146 6 18 38 0.1 to0 8,000 149, 157-1%9, 167

Sr 218 36 L6 37 0.1S to 3,300 149; 152, 134, 160, 167,
) 169, 171-180

Y 2 62 L7 510 160 to 1,640 154

Mo 17 29 22 18 0.37 to 400 149

Te 24 —-34 LI 0.033°  0.0029 to 0.28 23

Ru 17 59 075 . 350 48 to 1,000 154, 160

Ag 16 I8 LS “% 10 to 1,000 149, 167

cd 23 19 0.86 6.4 1.26 to 26.8 157

Cs 135 69 1.3 1000 10 to 52,000 149, 160, 167, 169. 171,

173, 175, 177, 178, 180183

Ce 16 67 0.54 340 58 to 6,000 154, 160

Pb 125 60 21 400 4.5 to 7640 150, 184

Po - 6 6.3 0.65 520 196 to 1,063 184

Th 17 12 057 150,000 2,000 to 510,000  185-187

U . 24 61 25 430 10.5 to 4,400 188-187

Np “ 34 28 29 0.16 to 929 148, 186, 188, 189

Pu 40 3.4 24 4500 11 to 300,000 151, 152-154, 177, 182,

186, 187, 189
Am 4% 6.5 24 630 1.0 10 47,230 148, 183190
Ca 3 76 16 1.900 99.3 to 51,900 148, 153, 189

“The mean of the logarithms of the observed vaiues.
»The siandard deviatioa of the iogarithms of the observed values..
*Geomeinc mean ( 50% cumnuiative probability).

geoerate the distribution, greater assurance can be given that the distribution is a representative
distribution because it is not heavily biased by one or two experimental designs or techniques.
Where a singie or a few references were used, less assurance can be given.

On the basis of distributions. computed for cesium and strontium (Fig. 2.33), a lognormai
distribution for K4 has been assumed for all elemeats. Thus, the median value of the assumed
lognormai distribution is used as a best estimate defauit X, for TERRA (except for lead, and
technetium where judgement was exercised). However, if the distribution of X, computed for
cesium and strontium are typical, then X, may vary by as much as three orders of magnitude in
soils of pH 4.5 to 9.0. Such variation in X, is greater than or equai to the variation in 8, observed
for cesium. strontium, and piutonium (Figs. 2.3, 2.7, and 2.22) and suggests the advissbility of
using site-specific values when avaiiable.
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242 Estimates of K, based oa defanit B, raiues

Althougn X, cstimates for the 23 above-mentioned ciements are subject to great uncertainty,
they are based on vaiues reported in the literature. No references are immediately avaiiable for the
remaining eiements of the periodic tabie. In order to provide a defauit estimate for these elements,
an aitcrnative method is used. In 1979, Van Dorp, Eleveid. and Frissel!! proposed a modet for
estimation of the soil-plant concentration factor. Their approach was to caiculate the soiubility of a
nuclide in soil water, its ability to transfer across root membranes, and its upward movement with
the transpiration stream. They reasoned that measured vaiues of K,, root selectivity coefficient
(S), and transpiration coefficient (T,) wouid allow them to predict the soil-plant conceatration
factor from soti-radionuciide concentration. Their model has not become generaily used or accepted
for dose caiculations, but their impiied dependency of B, on K, is the basis of our approach. for
estimating defauit Ky estimates in licu of experimental determinations.

Our approach is to presume that the defauit X, estimates for clements in Sect. 2.4.1 and their
corresponding B, estimates represent a wide variety of soils and plants. Therefore, a singie defanit
estimate for 8, and K, will reflect soils, plants, and experimental conditions which are “averaged”
or “generalized.” Thus, any reiationship observed between Xy and B, may be used to predict
“average” or “generaiized™ K, estimates from our defauit 3, estimates.

Figure 2.34 shows the correiation found between 8, and Ky. It shouid be noted that the 8,

estimates. in Fig. 2.34 are the geometric means determined directiy through analysis of reviewed:
literature, and oot necessanly the default values from Fig. 2.1. Technetium is an exampie. The

technetium B, of 89 is the geometric mean of the geometric means of references 23, 107, 122, and
123. It was felt that although the short-term.piant uptake studies represeated in references 23,
107, and 122 were inappropriate for iong-term B, cstimates, they were appropriately associated
with the short-term X, determinations for technetium (because 8, decreases and K, increases with
time). Thus, these two short-term parameters were used in the definition of the 8,-X, reiationship:
However, in Fig. 2.31 we used our best estimate of technetium B, and the regression equation

' Ky=exp(2.33 —0.89(1n3,)) (9)

to determine our best estimate of technetium Kg of 1.5. In addition to technetium the K, defauit
estimates for elements not mentioned in Sect. 2.4.]1 were determined via Eqg. (9) and the best
estimate B8, defauit vaiues in Fig. 2.1.
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COEFFICIENTS DE REPARTITION DES NUCLIDES DANS LE SOL
ET LEUR REPARTITION STATISTIQUE -

pac

Marsha 1. Sheppard, Donald I. Beals, Denis H. Thibauit
et Patrick O'Connor

- »
RESRE

Les &valuations &cologiques de l'8vacuacion des d&chets de combus—
tible oucléaire dans les formatiouns de roche plutonique nfcessitent ume.
analyse de la aigration des nuciides qui passent de l'enceinte d'&vacuation
; 3 la biosphére. Pour l'analyse de la migration des nuclides A travers l'an~
: ceinte d'évacuation, les macériaux tampons et de remblayage, la roche pluto~
' nique et les morts—terrains consolidés et non consolidés, par l'entremise de

1'eau souterraine, on se sert de moddles nécessitant des coefficients de

répartition (X,) pour déerire 1'interaction des nuclides et des macériaux.

géologiques et artificiels. Ce rapport présente des coefficients de répar-
i tition dans le sol particuliers 2 certains &l€ments et leur répartitiom du
point de vue statistique, 3 partir d'une. &tude bibliographique en détail.
Les &éléments radicactifs considEérés furent les suivants: actinium, améri-
cium, bismuch, calcium, carbone, cérium, cfsium, iode, plomb, molybdadne,
neptunium, nickel, niobium, palladium, plutomnium, polonium, protactinium,
radiun, samarium, s&lénium, argenc, scroncium, technétium, terbium, thorium,
&tain, uranium et zircoaium. Les &lfments stables considérés furent les
suivants: antimoine, bore, cadmium, tellure et zinc. Lorsque la disponibi-
11té des données le permec, les coefficients de répartition et leur réparci-
tion sont indiqués pour les sols sabloneux, limoneux, argileux et organi-
ques. L'utilisacion de nos valeurs est recommandée pour les évaluations
effectufes dans le cadre du programme canadien. de gestion des d&chets de
combuscible nuclfaire.

L'Energie Atomique du Canada, Limit€e
ftablissement de recherches nucléaires de Whiteshell
Pinawva, Manitoba ROE 1L0
1984 décembre
AECL-~8364
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SOIL NUCLIDE DISTRIBUTION corrricrzirs R
AND THETR STATISTICAL DISTRIBUTIONS

by

Marsha 1. Sheppard, Donald I. Beals, Denis H. Thidbault
and Patrick. 0O'Connor.

ABSTRACT

Environmental asgessments of the disposal of nuclear fuel wasts in
plutoaic rock. formatiocns require analysis of the migration of nuclides froa
the disposal vauit to the biosphere. Anslyses of auclide migration via
groundwater through the disposal vault, the buffer and backfill, the pluto-~
nic rock, and tha comsolidated and unconsolidated overburden use models
requiring distribuction coefficients (Kd) to describe the ianteraction of the
nuclides with the geological and man-mede materials. Thias report presents
element~specific soil distribution coefficients and their scatistical dig-
tributions, based on a detailed survey of the literature. Radicactive ele~-
ments considered were actinium, americium, bismuth, calcium, carbom, ceriunm,
cesium, lodine, lead, molybdenum, neptunium, nickel, niobium, palladium,
plutonium, polonium, protactinium, radium, samarium, selenium, silver,
stroucium, technecium, terbium, thorium, tin, uranium and zirconium. Stable
elements considered were antimony, boron, cadmium, tellurium and zinc.

Where sufficient data were available, distribution coefficients and their
diastributions are given for sand, silt, clay and organic soils. Our values

are recommended for use in assessments for the Canadian Nuclear Fuel Waste
Management Program.

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment
Pinawva, Manitoba ROE lLO
1984 December
AECL-8364
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1. INTRODUCTION

Canada has selected geological contaimment in a vault deep in
plutouic rock in the Precambrian Shield as the most promising method for

disposal of its nuclear fuel waste (Boultom, 1978). A stabla granitic
pluton will most likely be the host rock.

Assessment of the integrity of geological containment requires
pathways analysis to determine the travel time from the vault to the
biosphere of all the nuclides associated with the waste (Mehta, 1982). The
travel time and the predicted nuclide concentrations in the biosphere will.
depend upon the interaction of the nuclides with their surroundings as they
migrate from the vault. Traditionally, this interaction has been described
using a distribution coefficient, Kd’ for rdck, unconsolidated regolith and
soil (Wuschke et al., 198l). The objective of this report 13 to document.
these Kd values, separating them according to the major soil types found om
the Precambrian Shield. These parameter values are required for the soil

model {n the assessment code used in the Canadian Nuclear Fuel Waste
Management Program.

Further, since the assessment code ‘i3 stochastic, the
distribucions of the Kd values are also needed. Preliminary work with the
Kdvalues indicates that they are lognormally, as opposed to normally,
distributed. The lognormal distribution parameters (log}g) are reported
here. These parameters directly represent the data preseunted where two or
more values were found, and have not been adjusted toward coaservacism for
assessment purposes. Sections 4, 5 and 6 list the soil Kd values, and their
appropriate distributions, for the actinides, the radionuclides produced
from nuclear fission and the stable nuclides, teapec:ively, that are’
expected to be present in 100-year cooled nuclear fuel (Mehta, 1982). A
reference list 13 included for each nuclide.

S 53
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2. DISTRIBUTION COEFFICIENT, Ki

The processes. of solute migration pertinent toc radionuclide
migration in soil and unconsolidated geological macerials have been.discus—
gsed and reviewed extensively (Hhselet,‘l976; Onishi et al., 1981; Miller,
1983; Gillham and.Cherry, 1379; and Arnold et al., 1982). Many computer
models have been developed to predict nuclide migration through soil (Murali
and Aylmore, 1981; Yeh and Ward, 1981; Oster, 1982; Miller, 1983; Wong et -
al., 1983; van Genuchten, 1378; Duguid and Reeves, 1976; and.Sheppard,

1981). These models vary in their complexity and purpose. The simplest:

model of the solute transport process, expressed in one-dimensional form,

is
£, ¥ 7k (1)
ot x x - :
vhere C is the solute concentration in solutiom, i.e., mass of solute

per unit volunme of soil (g.cm‘3),r
{s time (3),
1s the dispersion coefficient (cm2.s™ ),

{3 the space coordinate (cm), and

<I R O

i3 the average linear pore-water velocity (cm.s” }).

Since Equation (1) does not iccount for the interaction of the solute and.
:he solid phase, the distribution coefficent, Kd’ has been introduced to -
describe this. interaction. The distribution coefficient i3 defined as tha
concentration of soluqe in the adsorbed phase (mass of solute per unit mass
of soil) divided by the concentration of solute in the solution phase (mass
of solute per unit volume of soil pore water). The units of Kd are usually
aL/g. The Kd value for each nuclide represents the partitioning of the

solute between the solid and solution phases and is applicable to equilib~-

Typical radionuclide interactions with soil include other geochem:~ﬁ A
fcal processes, such as precipitation, coprecipitation, hydrous metal oxide ' 54

rium reactions, such as {on exchange.

e
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complexation, organic matter complexatiom, colloid forlition, and microbial

effects. Empirically determined Kd values may or may-not include these pro=
cesses. .

Ion exchange is one of the most common mechanisms of tadionuﬁlida
adsorption on geological materials (Ames and Rai, 1978). Thus, the Kd value
depends upon several factors, including the cation exchange capacity (CEC),
and the species and concentration of both the ion being exchanged and the
competing ilous. If the nuclide 15 present in smaller concentrations than
the competing ions, then the Kd value will be independent of the concentra=-
tion of the nuclide, and it will be constant 1if all other factors remain
constant (Johnston and Gillham, 1980).

To incorporate the Kd concept into the solute transport process
described by Equatiom (1), the dispersion coefficient (D) and the pore-water
velocity coefficient (V) bfcone the effective dispersion coefficienc (D')
and velocity coefficient (V'), respectively, where

D'-E
(2)
= v
' . e
v R
and R {s the retardation factor, defined as
)
+ — :
R=1+= Ry 3

where Py 18 the bulk demsicy of the soil (g/cmd)
n is the porosity (cm?/em?), and
Ky 18 the discribution coefficient (mL/g).

The Kd concept is rescricted to equilibrium reactions in which the concen=

trations in the solution and solid phases are related. Kd was initially
defined by Mayer and Tompkins (1947) as ‘

K - EO_ -1 ! | (
d c M la 9\)—\

N
]
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vhere c° is tha tracer coscentration in the solution before sdding the
sorbent, _
C 1s the tracer conceantration in the liquid phase of a sorbent-
water suspeunsion, !
V is the voluma of liquid, and
M is ths mass of solid.

s

Despite the fact that thn.xd concept strictly applies only to
simple cation—exchange, Kd values are reported that describe more complex.
reactions. This i3 in responss to the need for input to simple migraciom
models. This report does not review the soil chemistry of tha nuclides
considered; this has been done adequately elsewhere (Jenson, 1980; Johnston
and Gillham, 1980; Allazd et al., 1977; Friedman, 1976, Swedish Nuclear Fuel
Supply Co. Ltd., 1983; Ames and Rai, 1978). The report does liat all of the
Kd values by predominant soil type for the Precambrian Shield (sand, silt,
clay and organic (Beals, 1984)) and includes other pertinant information
found {in the literature. Table 1 lists K4 disctribution paramecer escimates
for some nuclides combining all soils, as reported by Baes and Sharp (1981).

TABLE 1

ESTIMATES OF DISTRIBUTIONS OF K, * VALUES

Nuclide ol  ainiad exp( Wt K4 Range
(mL/g) : (mL/g)

An 2.9 1.3 810 1.0 to 47 000
Ce 3.0 0.6 1100 58 to 6000
Cs 3.0 0.8 1100 10 to 52 000
Np 1.0 1.0 11 0.16 to 929
Pb 2.0 0.7 99 4.5 to 7600
Po 2.7 0.3 540 200 to 1100
Pu 3.3 1.0 1800 11 to 300 000
St 1.4 0.9 27 0.37 to 400
Te ~1.5 0.5 0.03 0.003 to 0.28
Th 4.8 0.6 60 000 2000 to 510 000
u 1.6 0.6 45 11 to 4400

* From Baes and Sharp (1981)

*%  Mean of the logarithm (to base 10) of Kq .

*#% Srandard deviation of the logarithm (to base 1Q) of Kd ‘ ror
+ Median value of K; with a 0.5 cumulative probability

o
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3. DISTRIBUTION COEFFICIENTS FOR THR ACTINIDES

3.1 ACTINIUM

Nothing was found in the literacture on Kd values or tha soil chem~
{stry of actinium. We recommend using the Kd values for americium becauss
of their chemical similarity.

3.2 AMERICTIUM

Americium has been studied extensively because of weapona. testing
in the 1950a. The summary on americium geochemistry presenced by Johnstoa
and Gillham (1980) indicates that

(1) the most stable form of americium in aqueous solutious is Am ¥;

(2) the soil sorption of americium is correlated to cation exchange
capacity, clay content, and coanceatracion and type of the compe=

ting ions in solution, indicating that the principal recardation
mechanism is lom exchange;

(3) ac high Kd values, americium adsorption {3 semnsitive to the comn=-
centration of americium 1ln solution.

Table 2 ligts the Kd values veported by various investigators and includes
soil information (texture, pH, competing ioas, g:c.) pertinent to the sorp~

tion data. The recommended Ka value wmeans, standard deviations, tangei and
distribution parameters by soil type for americium, based on Table 2, are
given in Table 3.
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Sol} 4 4 4 b 4 2 (o GC T Pree Qapeting [ Soll location
Type Sad Slit Qay Orgmic CaD, Setuwated Paste {oeqAD0 §) lron Osides Oation (-lju) or Descrigtion Mlerance
ﬁ fine sandy loms 2.4 - 5.3 (4.39) - 13 1.63 - 9.63510° ldie (Lastetens) Mshits ot o). 1979
fire sendy lom 2.4 - 3.3 (s.11) - 15 )63 - $.06300? Ibis (Loutelaw) Mishits et al. 1979
(loe sandy lom 3.7 - 3.0 (4.58) - 1) 1.52 - L.sAoto? Lysan (Mhine) Mshica ot ol. 1979
tine sandy tom 3.7 - s.0(an - 1 .92 - 1.62202 {pman (Mine) Wishits ot ol. 1979
g tom 'Y - 0 (3.0 - 1) 3.29 - 2.10m0" alhan ((adifarnis) Mshics ot o). 199
light lom 'Y - 602y - 11 3.29 - 1.066x10* Afkan (r1iforuls) Mishits ot o). 1979
cosrve eand - - -8 - - - W (VK sag. 4203 (Wthurisade) Samtre b Verkers, 1977
.OM
160 N2 2.8 0.4} - [N] - 3.94 - - Tae0? (Richlend, Wushington) Amg & Wy, 1978
N 18 1.0 LI - 4.0 - 2.00 - - 4. 760 Noquay (Rarmgll, 5C) 0-5 an  Amss & Wi, 1978
Ne 4 38 09 - (% ] - (B, - - samol Rpuy (urrsall, 5C) 13 a0  Ame & M4, 1978
%e 1.6 28 ol - 9.2 - 0.69 - - 2.49x102 Apuy (Rnall, 5C) 13-30 an awse 6 Bai, 1978
635.2 29.0 5.8 0.43 - (R} - 604 - - 125102 Amfoni A ame b Boi, 1970
6).6 126 18 0.7 - ' - 4.9 - - 0.13003 Hanford § fmng § Wi, 1979
42.6 39.4 180 0.60 - 8.6 - 1504 - - 3.92x10% WKeho A e b Wi, 1979
60.4 194 20.2 O.18 - 0.4 -~ 10.4 - - 4.35a10% 140 8 Ao § Wi, 1978
04 88 18 046 - (WY - 6.3 - - 3740 Melo £ Amsg § Moi, 1978
49.2 84 1.4 0.9 - 1.2 - 1% - - 1.09x10% 14aho D Ause § Mai, 1978
4.0 200 3.0 2.4 0.4 3.7 04l 209 - - 2.5107 ¢ 210" ®lorads & (Rodky Rets) Gowr et al., 1976
6.0 16.0 2.0 V4 0.} 3.6 0.52 1.3 - - 6.0u102 ¢ 24¢ Glorad B (Rgas Loal) Glowes et al., 1976
4.0 200 2.0 0.2 7.9 8.} 043 138 - - 3.0x103 ¢ 10* o 8 Qower ot al., 1976
66.0 11.00 .0 0.3 .2 8.0 041 8.2 - - s.2x103 g &3 Labo € Glower o8 al., 1976
B0 10 WO O 0.0 1.5 0.43 113 - - 3.0a10% £ 1.3:10% Mado D Clowr et al., i976
7.0 12.0 140 0.) 0.6 8.0 0.43 6.4 - .- .20t g 2 thashingion 4 (Hanford) Clowes ot al., 19%
8.0 12.0 10 0. 0.0 8.2 04 308 - - 3.300 ¢ 3¢ thatdngton B (Umford) Glowsr ot al., 1976
70.0 2.0 200 0.7 0.2 3.4 0.5 1.9 - - 8.2:00! g 1t . Gareline (armall) Glover et al., 1976
4.0 3.0 180 0.7 0.1 6.4 049 .0 - - 4.0x303 ¢ 11t %o faxico (Los Alane) Gloves et al., 1976
820 9.0 90 0.6 0.7 X} 0.7 3.3 - - 3.0 ¢ 200 Arkacnes 8 Glover et al., 1976
stit oilcy clay lom 2.8 3.9 (3A1) - 20 1.29 3.%ex0* Suspohag (low) Wadts & o)., 1979
silcy clay lom 2.8 5.9 (6.36) - 20 1.9 11280 Sarpebisg (lom) Wiehits o6 al., 1979
lom 2.5 6.7 (612) - b1} 141 230m0* Tolo (Oulitorats) Mehics ot al., 1979
tom 2.3 6.7 (6.59) - b 2.4 3.021x10" Tolo (Qulffornis) Mshics ot al., 199
16.0 $0.0 3.0 0.3 .n 7.9 044 13.3 - - $.910? 3 230* edo A Glows ot al., 1976
9.0 %.0 .o 1) 0.4 2. 0.5 1s.2 - - 1.ax10¥ Arkanase ¢ Glovar ot al., 1976
10 5.0 160 36 0.7 24 0.5% 1.4 - - §.6x10? ¢ 190* Olinots Clows et a)., 1976
asy 0.6 1.8 (1.02) 0 1.20 3.36210* Sltortlle Makits o al., 199
0.6 1.8 (8.04) 0 120 4.13a0° Ritevilie Makits ot al., 1979
clay - 18 - - - Mo (92 eat. mi0° (othug Lands) Semtre § Verkerk, 1977
Dw
%0 N.0 6.0 0.7 2.4 7.9 0.42 29.6 - - 3.2210% ¢ 90 Coloreds € (Rocky Flats) Glover «t al., 1976
120 N0 WO 10 0.0 4.0 049 20.3 - - 3.6ui0? 3 A0¢ Tuxmesss (Cak Ridge) Glover ot al., 1976
N0 RO %O 2.2 0.0 3.4 0.43 16.0 - - o.0d02 s o e Tork (West Valley) Qlaver ot ol., 1996
10.0 3.0 %0 31 09 62 0.37 .4 - - 2.8d0% £ 100"  Arimases A Glows ot ol., 199§
sbyssel red clay - - 2.} - - - 08wl . -- Brickece, 1990
[ ¥, |
stysssl red clay - - 0.9 - - - 0.8 mIN.  4.000° -~ Srickeon, 1900
) :
Ovpnic orpenic 0.8 1.2 (08 - 0 57 - 7.26610% ggbert Mahice ot ol., 1979
orpmic 0.8 208 - 60 Y] - s.5190° Egbast Mishics ot al., 1979

e -u.-u.umm. it 1o the g of the extruct.

o 5. Caroline mdeold B, wlues for maricha v.rdt. nklndowuumthlmuumuqdnhmwuh‘mad-. 1975,
+

1

K, welue deterudnnd vith (aitlal ssericiun concentrattan of 108 i,
Send, s1lt and clay percentages excead [OOX in origlnal repost.
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! TABLE 3
K, FOR AMERICIUM

Soil % s.pn.* n K; Range Lognormal
Type (uljg) (mL/8) Distributions
. 9y g
Sand 6.146x103 1.1159x10“ 27 82 to 4.35x10“ 3.105 0.8172
Sile 1.4351x10% 1.1282x10“ 7 1.6x103 to 2.98x10% 3.946 0.5382
Clay 6.0501x10“ 1.29x103 9 25.1 to 4.0x105  3.832 1.23

Organic 6.398x103 1.228x103 2 5.529x103 to 7.266x103 3.802 0.0839

Kd = mean of Kd values
S.D. = standard deviation of X, values
Base 10 logarithms- here and in all subsequent tables:

»
+

i+

Baes and Sharp (1981) suggested a mean value of 2.9 for the
longd for americium, combining all soil types, and a corresponding stan-
dard deviation of 1.3 (see Table l). Allard et al. (1977) reported Kd
values for clay/mud of 2 x 102 to 1.6 x 10“ mL/g and for granite of
5.0 x 103 to 1.6 x 10“ mL/g. Vandergraaf (1982) reéommended a range of

1 x' 103 to 2 x LO mL/g for granite. The values for granite should be simi-
lar to those for coarse-textured soil (sand).

Americium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radio-
.nuclides in clay and bedrock. Part l. Determination of distributionm
coefficients. KBS Technical Report 55.

Ames, L.L. and D. Rai. 1978. HRadionuclide interactions with soil and rock

medfa, Volume 1. U.S. Environmental Protectiomn Agency xeport, EPA
520/6=-78=-007.

Baes III, C.F. and R.F. Sharp. 198l. Predicting radionuclide leaching
from root zone soil for assessment applications. Trans. aAm. Nucl. Soc.
38, 1l1l-1i2.

Erickson, K.L. 1980. Radionuclide sorption scudies on abyssal red clays.
In: Scientific Basis of Nuclear Waste Management Vol. 2. Plenum Press,

ed. C.J.M. Northrup. ‘
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Glover, P.A., P.J. Miner and W.L. Polzer. 1976. Plutonium and americium -
behaviour in the soil/wvater enviromment. I. Sorption of plutonium and
anaricium by soils. In: Proceedings of the Actinide-Sediment Reac-
tions Working Meeting at Seattle, Washington on 1976 Peb. 10~11. Bat-
telle Pacific Northwest Laboratories Report, BNWL-2117, pp. 225-254.

Hamstra, J. and B. Verkerk. 1977. Review of Netherlands program for geo~-
logic disposal of radioactive waste. In: Nuclear Power and ita Puel

Cycle. International Atomic Energy Agency Report, IARA~CN-136/289.

Johnston, H.M. and R.W. Gillham. 1980. A review of selected radionuclide
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record, TR-90%. .

Nishita, H., A. Wallace, E.M. Romney and R.K. Schulz. 1979. Effect of soil
type on the extractability of 237Np, 23991.1, 24lay and 2440 as a fune=-
tion of pH. NUREG/CR-0997 UCLA 12-1192. 32 pp.

Routson, B,G., G. Jansen and A.V. Robinson. 1975. Sorption of 9%c, 23Np
and <*!Am on two subsoils from differing weathering intensity areas.
Battelle Pacific Northwestc Laboratories Report, BNWL-1889.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-

auclides on granites and granitic rocks. Atomic Energy of Canada Lim—
ited Technical Record, TR~120%.

3.3 BISMUTH

Nothing was found in the literature on soil Kd values for
bismuth, but bismuth should behave similarly to polonium because of their
proximity {n the Periodic Table.

3.4 LEAD

Lead i3 a heavy-rmetal cation of general enviroumental concern in
most industrisl areas. Consequently, considerable information exists about
its enviroomental behav.iout (Gerritge et al., 1982; Wolf et al., 1977; Sol-
datini et al., 1976; Abd-Elfattah and Wada, 1981). Unfortunately, not much
Kd information is available (see Table 4).

The recommended Kd value meansg, standard deviations, ranges and
discribution parameters for lead by soil type, based on Table 4, are given

in Table 5. ‘ X ‘

5

~ o~ ~

b Unrestricted, unpublished report, available from SDDO, Atomic Energy of SO
Canada Limited Research Company, Chalk River, Omntario KOJ 1JO. ‘

—




TARE &

K, VALLES FR LEAD : LITFRATIRE SIBVEY SUMWRY
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YT B 1 1 4 X M [» /9 X Pree Qapeting K Soil lacstion
Type Send Slit Qey Organic Cad), Saturated Paste (eeq/100 g) lron MA;- Gatlon (d.’;) [ Denﬂpdq faference
Sard - - 0 35 - 4.5-5.0 - 2 - (G?) = 2.ti0? soll € Gasvitee st al., 1982
- 0-0.013 wol/L.
- - ¢ 1S, - 4.5-5.0 - n - (M) - a0} Satl € Garrites ¢ sl., 1982
. 0-0.013 w1/l :
- - 220 25 - 1.5-8.0 - 16 - I I 3.5x0% o1l D Qusritse st ol., 1982
0-0.015 molNL. ‘
1 unpol luted 90 - 43 - - - - 2.51:0° Sotl A Garritoe ot al., 1982
organdc sofl . _
wnpolluted peat 290 - -3 - - - [Ca?) = 1.8x102 Pest A Gervites ot al., 1962
. 0-0.013 m5l.
wpolluted peat 0 - «S - - - (Q?) - 6.3x10" Pest A Oerritee ot al., 1962
: . 0-0.015 mol/L ‘ .
polluted pest 20 - 6.2 - - - - z.u:no* sotl B Gerritse ot al., 1962
sphagnn peat - - 45 - - - 6x10 - olt ot al., 1977
sphagam peat - - 3 - - - 0.025 weq 202 .- WL ot ol., 1O
pes Ca?t/al
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TABLE S
K, FOR LEAD
Soil R S.D. n Range Logunormal
Type (nL?B) aL/g) Distribuction
M c
Sand 1693 1646 3 280 to 3500 3.035  0.5527

Organic 2.7845x10“ 2.6024x10“ &4 180 to 6.3x10“* 3.956 1.150

Baes and Sharp (1981) suggested a mesn value of 2.0 for the
1°310Kd for lead, with a correspounding standard deviation of 0.7 (see Table
1). Lead should behave similarly to polonium and Kd values .-for polonium can
be found in Sectiom 3.§.

Lead References

Abd-Elfattah, A. and K. Wada. 1981. Adsorption of lead, copper, zinc,
cobalt and caduium by soils that differ in cation-exchange materials.
Jo Soil Scio 3—2’ 271-2830

Baes III, C.F. and R.D. Sharp. 198l. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge National Labora-
tory Report, CONF-810606-44.

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roaos. 1982. Effect

of sewage sludge on trace element mobility in soils. J. Eaviroan. Qual.
11, 359-364.

Soldatini, G.F., R. Riccardo and R. Levi-Minzi. 1976. Lead adsorption by
soils. I. Adsorption as measured by the Langmuir and Freundlich iso-
therms. Water, Air Soil Pollut. 6, 111-118.

Wolf, A., K. Bunzl, P. Dietl and W.F. Schmidt. 1977. Effect of calcium

ions on the absorption of lead (2+), copper (2+), cadmium (2+), and
zine (2+) by humic substances, Chemosphere 6, 207-213.

3.5 NEPTUNIUM

The summary on neptunium geochemistry presented by Johnston and
Gillham (1980) indicates that




(1) neptunium should exist as Nps* in the form of Npo-‘;+ in an oxidi-
zing soil enviroument; however, it i3 not evident whether Npoi* is
also the dominant species under reducing conditions;

(2) neptunium colloids have been reported in some soil-solution exper—
iments (Sheppard et al., 1976) and absent in others (Routson et
al., 1977) .

! The recommended Kd value means, standard deviations, ranges and
distribution parameters for neptunium by soil type, based on Table 6, are

i given .in Table 7.

TABLE 7

K, FOR NEPTUNIUM

“g—
. ~ Sotl Ry S.D. n K4 Range Lognormal -
; Type (mL/g) (mL/g) Distribution
) B g
Sand 37.6 94 .57 17 0.16 to 390 0.6782 0.9728
silt 4 47 .41 35.88 6 1.27 to 95 1.426 0.6925
Clay 1327. 1529. 4 41 to .3200 2.619 0.9222
Organic 857.5 101.1 2 786 to 929 2.932 0.0513 \

Baes and Sharp (1981) suggested a mean value of 1.0 for the
1°310Kd for neptunium, with 3 corresponding standard deviation of 1.0 (see
Table 1). Allard et al. (1977) reported Kd ranges of 10 to 16 mL/g for [
clay/mud and 25 to 59 mL/g for granites. Vandergraaf (1982) recoumended a }
Kd of 40 to 100 mL/g for granites.

Neptunium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radio- "
nuclides in clay and rock. ?Part 1. Determinations of Distribution
Cofficients. KBS Technical Report 55.
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X, VALES KR MCPTINIIM ; LITERATIRE SLRVEY SLMURY

sot] 3 X 3 1 3 pe ac T Pree Qupnticg X S0l locstion
TYpe Sad Slit CQay Onganic CaD, Ssturated Paste (maqN00 §) lron Oxides Gtion (d;) or Description Maference

Sod fine sandy loem 2.4 - 3.3 (4.08) - L) 1.6% - 3 raldtde (Loutstians) Nishite ot al., 1979
fice sandy lom 2.4 - 3.3 (5.9 - 1 1.6 - 18 Mibis (Louisiane) Nishits st sl., 1979
fine sandy lomm 5.7 - 3.0 (4.42) - 13 1.52 - L Lyssn (Maine) Waehits ot al., 1979
tine sandy lom 5.7 - 3.0 (6.06) - 13 1.92 - n Lyman (Hoins) Mighits et o)., 1979
light loss 8.4 - 6.0 (5.56) - 13 5.29 - % Al (Qeitfomis) Wahita st sl., 1979
light lomm 8.4 - 6.0 (6.97) - 13 5.29 - 108 AMben (slifornia) Nehits ot o)., 1999
sand - 2.5+ )1 - - - 0.002 mIN. & .3 Burbak (Washiogton) fouteon ot sl., 197}
sand - 2.3-1.) - - - 0.2 il & 0.% Rorbak (Mshington) Bouteon et al., 1977
sard - .5-11 - - - 0015 w1 s 3.9 hxbark (thshington) fouteon et al., 197}
send - 2.9 - 3.1 - - - 3.0 miL Ha 3.2 Axbak (Whshington) fouteon et al., 1977
sandy clay - 2.9- 131 - - - 0.002 ol 0.25 Sauth Guroling Bouteon et al., 1917
sandy clay - 1.9-11 - - - 0.2 wl/L O» 0.16 Sauth Caroline Routeon et sl., 1977
sandy clay - 2.5-11 - - - 0.015 mol/L M 0.7. South Quroltne Routeon et al., 1927
sendy clay - 2.8~ %1 - - - 3.0 ;WL M 0.4 South Carolina Routeon et al., 1977

760 21.2 2.8 0.3 - 8.1 - 5.94 - - 15.4 brbaik (Richland, Whehington) Amss & Ksi, 1976

%6 1.6 38 0.2l - 5.2 - 0.6% - - 2.4 Puquey (3-50 cm) Amse & i, 1978
aand 0.9 - 8.1 0 sat. - - - 0 2 16 K-E. Irish Sca Sodlssnt Fodzr & Motos, 1962
Stit silty clay lom 2.8 - 5.9 (3.8)) - 2 1.29 - 3 Sharpsburg (loa) Mishits et al., 1979
T slityclay lom 2.8 - 5.9 (6.8%) - b 1.29 - 93 Sarpebag (1aa) Nishits et al., 1979
loss 2.9 - 6.7 (6.19) - 2% .41 - 31 Yolo ((e)itomia) Nishita et s)., 1979
loma 2.5 - 6.7 (6.8)) - 23 241 - 81 Yolo (Galifomnis) Mishita ot sl., 1979

12.6 65.8 21.6 .61 - 5.3 - 16.88 - - 1. Muscating Anon & P, 1978

32.0 %.0 12.0 0.54 - 6.3 - 10.76 - - 203 Meeville s § Mo, 1978
Qg clay 0.6 - 1.8 (7.29) - - 30 1.20 - [1} Holteville Nishits ot &l., 199
c Loy 0.6 - 1.8 (8.209) - 0 1.20 - m toleoville Mshits et al., 1979
cley 0.86 - 8.1 O sat. -~ - - 1950 £ 310 W0 teditetranem see sadturt  Pordar & Aston, 1982
clay 0.29 - 8.1 Oeet. - - 320 £ 90 I mlatic ses vedbent foder b Matom, 1582
Oganic organic 40.8 - 7.2 (6.24) - 60 1.5 - 106 grert Walita ot al., 1979
arganic .8 - 1.2 0.23) - 60 1.57 - - 29 Zgbert Mshita ot al., 1979

¢  Wen wmhe 1s bracketed 1t o extruct pH-

'
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Ames, L.L. and D. Rai. 1978. Radionuclide interactions with soil and rock

media, Volume L. U.S. Environmental Portection Agency Re ort, EPA
520/6-78~007 . PotEs

Baes III, C.F. and R.D. Sharp. 198l. Predicting radionnclide leaching from
root zone soil for assessment applications. Oak Ridge National Labora-
tory Report, CONF-810606-44.

Fowler, S.W. and S.R. Aston. 1982. Application of 23§Np in experimental
aquatic radicecology: Preliminary observations on neptunium behavior
in gea water, sediments and zoqplank:on. Health Phys. 42, 515- 520.

Johnston, H.M. and R.W. Gillham. 1980. A review of selected radionuclide:
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record, TR-90%*.

Nishita, H., A. Wallace, E.M. Romney and R.K. Schulz. 1979. Effect of soil
type on the extractability of 23%p, 23%u, 2“lum and. 2““tm as a func-
tion of pH. NUREG/CR-0997 UCLA 12-1192. 32 pp.

Routson, R.C., G. Jansen and A.V. Robinson. 1977. 24lam, 23%p and 9%c
sorption on two United States subsoils from differing wveathering inten-
' sity areas. Health Phys. 33, 311-317.

Sheppard, J.D., J.A. Kittrick and T.L. Hart. 1976. Determination of dig~
tribution ratios and diffusion coefficients of neptunium, americium and

curim in soil-aquatic environments. Richland Operations Office Con~
tract Report, RL0O-2221-T-12-2.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio~-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-
{ted Techaical Record, TR-~120%.

3.6 POLONTUM

Polonium information in the literature i3 extremely scarce.

Bismuth should behave similarly to polonium, and also lead and polonium
should behave similarly. All of the Kd information on polonium reported
here (see Table 8) comes from one research program (Hansen, 1970; Hansen and
Watters, 1971). The chemical form of natural polonium in soils, resulting
from the decay of radium, may be similar to that of selenium (Hansen, 1970).
Tellurium is also a member of Group VIA of the Periodic Table and may behave
similarly to polonium. Polonium compounds with +2 and +4 oxidation states
have been reported, with the preferred oxidation state being +4 (Hansen,

1 1970). Polonium in air is generally found as polonium dioxide (Po0 )

* Unrestricted unpublished report, available from SDDO, Atomic Enefﬁy of ~
Canada Limited Research Company, Chalk River, Ontario KOJ 13J0.
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K, VALES FOR MLONILM : LTITERAVBE SLRVEY SIMWRY
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So1l % 3 t 3 3 ] acC T Pree (owpeting [ 4 ) Soil location
Type Send Silc - Qay Orpanic CaD, Sstusated Paste (mq/100 g) lron Oxides (atdon (dl) or Deecription Maference
Sed  42.0 32.0 260 6.} - 1.6 - 22.8 ‘ - - 120: 9 N stlty cley lom Hrmen § Watters, 1971
’ . (A1) (olocwdo)
- - - - - - - - - - 03 2 22 Nn ellty cley boas Haoeen & \sttere, 1971
. {A12) {Coloredo)
- - - - - - - - - - 3oz &l N atlcy cley loms Hwen § Wsttars, 1971
. (8,) (®loredo) ) .
- - - - - - - - - - 766 ¢ 148 : Mn oflty clay lom lbnsen & Wstters, 1971
(3;t) (Tolorado)
- - - - - - - - - - 1213 ¢ 186 Nans silty clay lom Maneen & Wtters, 1971
(848) (Colorado)
- - - - - - - - - - 64) 2 83 M eilty clay lom thmsen & Witters, 1971
(€ Ca) (Ooloeado)
0 N » - 1.9 - - - - o Dinadsle silty clay losm Hhosen § Wttare, 1971
. (©) (low) -
4 &2 n 2.3 - 6.3 - 3.4 - - 1222 lapsas loss (Ap) (Misconsin)  lhmean & htters, 1971
N 22 0 - - 6.7 - - - - 200 ¢ 18 Lapesr lom (B,)) (Mecunein) Werses § Wstters, 1972
» »®» n - - 5.3 - - - - 308 £ Lapesr loas (8;,) (\ecorais) Hmsen & lutcers, 1971 o
62 15 F3) - - s.7 - - - - [ DY Y] Lapear loma (l, (Mecomais) sceen § Wtters, 197) -
n s 10 - - 7.8 - - - - 0329 lapat loss (C,) (Mscorsin) nsen & Wtere, 1971 »
9 [} s - - 5.9 - 3.0 - - ¥e2 ‘ (Nortide) Sensen § Wattere, 197}
& 6 10 - - 54 - e - - 813 l Huosen § Wtars, 197) '
9 ] b] - - 5.5 - 1.8 - - 8122 terwen § httere, 1971
” 1 2 - - 3.5 - 1.3 - - 171 IA'- &), (‘loc lixwen § Whtters, 1971
- - - - - - - - - - 152 0.6 Lecn (A,) (nuu-) . tmeen § thttars, 1971
- - - - - - - - - - S 217 Laoa (M) (Porids) tsen § Watters, 1971
- - - - - - - - - - 17s2 Leon {C) (Floride) awen § Wbtters, 1971
9% 2 2 - - 5.6 - 4.6 - - sl Ruskin (4)) (Flarids) fhmean § Wttere, L9
57 » 1) - - 5.3 - - - - 1322 Darling gtevelly eandy lom Mansen § ibttere, 197)
} {losedo)
s v 8 - - 3.7 - - - - 07 grovelly sanly lome lnsen § Wbtiamw, 197)
‘ﬂ‘.) (®locedo)
o 16 4 - - (¥4 - - - - [ ¥ % Dar gtavelly amdy lom mesa § Watters, 1971
{®loredo)
n o2 4 - - 6.0 - - - - 1528 hr.p—uumq lom  Smeen & Wters, 1971 -
) ((dlorado)
49 ¥ 12 4.0 - 6.6 - 16.8 - - 34222 1¢ sendy loam (A;) teen § Whttare, 1970
(M econein) .
s? 30 13 ) .- - 3.3 - - . - - M2 ¥ Cogabic sandy loam (M) nsyn-§ Wttere, 1971
(W scons in)
IR T 1 - - 6.8 - - - - s Cogebic sendy loms (Mirh) tewes § Whiters, 1971
’ . (M scorein) N
* ) (oot inmd...)




TAME b {Concludal)

Satl 3 4 4 1 4 ] E &C X Ree CQmpet i0g X Sofl locetion
Type Sand St Quy Organtc CalDy Securated Puste (=eq/100 g) lron (uxddes (ntlon (d;) or Oescription Meference
Sard 68 27 S - - $.9 - - - - 262 228 Cogebic sandy loem (83) Hansen & Watters, 197}
- (M scmin)
[¥S 13 [ 2.6 - 6.0 - 5. - - 227 t 20 Onmey [lne sandy lom (Ap) Hansen 6 Watters, 1971
(W sconeln)
w &) n - - 6.9 - - .- - 412 2 1% Onmay fine sandy lomm (Birh) Ihomen & Matters, 1971
. (W ecunstn)
(Y] 20 1 - - 8.2 - - - - 2248 ¢ 1200 Onmagy fine sandy loms (Cl) Hawen § Watters, 1971
. (V1 acane in)
67 20 1 - - 8.4 - - - - 7020 t 00 (nmay flne ssndy lomm <)) Harmen & Wntters, 1971
. (W ecara in)
82 3 1) - - 6.} - 1.7 - - 76 ¢t 4} Mmite (A') Alsbecs Humen § Wacters, 1971
9N 1] 3 - - 3.0 - 1.9 . - - 1) Indepandence (A, ) (Al alama) Hansen § Wattere, 1971
6y 7 10° - - 3.6 - 1.4 - - 49 ¢ 3 Wckham (A, ) (ALI-.) thnsen § thcters, 1974
sitt 1n 68 21 3.8 - 5.0 - 25.2 - - 1020 ¢t &9 Dnadale -hq clsy losa Hormen § thtters, 1971
() (loe)
V! 5 28 - - 5.6 - - - - 976 ¢ 127 Mnelale siity clay loam tensen & Matters, 1971
(8) (low)
] 12} 24 4.5 - 5.5 - 4.4 - - 1 t 1e Muscatine allty cloy lom tarmen § Wttere, 1971
. (&) (1om)
10 6l F+] - - 5.9 - - - - 968 ¢ 12 Huscetine stity clay lom lsnamn & Wattere, 1971
(2) {lom)
1t 65 2 - - 1.8 - - - - 1830 t 240 Muacstins stlcy clay lom Harwen & Matters, 1971
() (lam)
10 8 10 2.1 - 5.9 - n.2 - - 970 3 160 Fayeits oilt lom (Ap) Huwen & Witers, 1971
(W eamefa)
[ ] n i} - - 6.2 - - - - 122 £ 3 Fayette ollt lomm (8)) thosen & Hattexs, 1970
(W scorwin)
S & - - 6.1 - - - - 2 1) Payette olit lomm (3,,) thasen & Wtters, 1971
(M1 sconein)
2 [ 2 ~ - 3.4 - - ) - - 397 2 55 Paystte olit lom (l") Hewen § httecs, 1971
(M scarsln)
5 & 30 - - 5.] - - - - 0t2 Payuite siit lom (D)) Huwean & Watters, 1971
(M econala)
S o6 by - - 3.5 - - - - m 29 Fayette allt loas (C,) thosen & Watters, 1971
(M1 scong§n)
n N [} 3.8 - 5.1 ~ 8.9 - - U Dazling gravelly sandy loms thosen § Wtteres, 1971
(4,) (®lorado)
T A VR T - - 3.3 T - - 5 128 Gngaree (A)) (Alabana) Hearmen & Wattess, 1971

All ‘ervor terms in this Lable arv stasisrd emvor of the eean (S.E.)
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Hansen also reported thac, for pd values of 1 to 5, 7 to 8
and 12 to l4, polonium exists mainly in dissolved forms, while for p values
of 6 to 7 and 10 to 11, moat of the polonium exists as a colloid.

(dansen, 1970).

Thus, in
the acidic organic and acidic sandy soils of the Precambrian Shield,

polonium may exist only in the dissolved form.

The recommended Kd value means, standard deviations, ranges and
distribution parameters for polonium by soil type, based on Table 8, are
given in Table 91

TABLE 9
K, FOR POLONIUM
Soil R S.D. n K, Range Lognormal
Type (mL?g) ?nL/g) Distribution
‘ g g
Sand S04.2 1215 <35 13 to 7020 2.188 0.6574
Silec . 692.5 535.7 13 24 to 1830 2.607 0.5789

Baes and Sharp (1981) suggested a mean value of 2.7 for the
log‘o.(d for polonium, with a'cotresponding standard deviaticn of 0.3 (see
Table l). The value for p is higher, but the range of Kd values is

narrower, than recommended for lead.

Polonium References

Baes I1I, C.F. and R.D. Sharp. 198l. Predicting radionuclide leaching from

toot zone soil for assessment applications. Oak Ridge National Labora-
tory Report, CONF=-810606-44. .

Hansen, W.R. 1970. Polonium=210 in soils and plants. Special Report on
U.5. Atomic Energy Commission Countract No. AT(ll-1)-1733, CO0-1733~11.

Hansen, W.R. and R.L. Watters. 1971. Uasupported 210?002 in soil: Soil

adsorption and characterizacion of soil solution species. Soil Sci.
112, 145-155.
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3.7 PLUTONIUM

Plutonium, like americium, has been studied extensively becauss of
veapons testing in the 1950s. The summary onm plutonium geochemistry pre-
sented by Johnston and Gillham (1980) indicates that

(1) Pu“* i3 considered the most probable oxidation state in the envi-
ronment because of reduction of Pu®" to Pyt by organic materials;
reduction of Pu“* to Pu® could occur at pH < 6 under anaerabic

conditions;

(2) plutonium adsorption is a function of oxidation state. (Pué {g

adsorbed less than Put), organic matter coatent and solution pH;

(3) Kd values for plutonium reported in the literature were often
obtained without knowledge of the oxidatiom state, and caution

aust be used in interpreting results that use these Kd values.

Most Kd values in the literature apply to aerobic conditions. The recom
mended Kd value means, standard deviations, ranges and distribution para-

aseters for plutonium by soil type, based on Table 10, are given in Table l1l.

TABLE 11
K, FOR PLUTONIUM
K,

Soil K S.D. n K4 Range Lognormal
Type (nL7s) (aL/g) Distribution
") g
Sand 1.041x103 1.568x103 19 33 to 6.865x107 2.663 0.5964
silt 1.3871x10"“ 3.0836x10“ 38 230 to 9.0x10“ 3.474 0.7906
Clay 4.2842x10" 6.8934x10" 13 316 to 1.9x10°  3.706 1.0647

organic 2.2902xl0“ 2.8181x10“ &4 1.655x103 to 6.2x10“  3.970 0.7469

Baes and Sharp (1981) suggested a mean value of 3.3 for the

log,_OKd for plutonium, with a corresponding standard deviation of 1.0 (see

A I
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TALLE 10

K, VALES HE PUNRIN ; LITRANEE SAEVEY S
-t

Sl s t b b 4 2 pe acr 1 Wee Copet ing K Soll location
Type and SIL Qay Gganic G, Saturatod Paste {meqNA) g) Lion Gmides Oatlon (dj.) or Dnscription faference
S_gg_ fine vandy lomm 2.4 - 3.3 (4.08) - 15 1.6% l.Snl()z Hslbie (Lauislans) Nishits et al., 1979
tine sandy loms 2.4 - 5.3 (5.57) - [} 1.68 1.915%a0?% Maibte (Loulsians) Wishita et sl., 1979
tine sandy loas 5.7 - 3.0 (4.42) - I8 1.52 - 9.58:10% Lyasa (Maine) Nshita ot al., 1979
tine smsty losm 5.7 - 3.0 (6.06) - [} 1.2 - 3.0t Lyman (Helne) Nishits ot s)., 1979
light lom 8.4 - 6.0 (3.56) - 19 3.29 - §.a%10tes Ahan {aiifornie) Mishite ot o)., 1979
gt lom 8.4 - 8.0 (8.37) - 15 .29 - 1.33240° Alken (Qaliforuls) Mishits ot al., 1978
coarse sand - - -8 - - - ™ (O® sat.  2at0f (Mathuelands) Hemstre § Varerk, 1977
solutian)
4.0 200 .0 24 [ WY 3.1 04} 100 - - 1.200% 1 40'  lorado A (Becky Flats) Qover et al., 1976
64.0 14.0 22.0 3.4 0.3 5.6 0.32 12.5 - - 2.0u102 § 2¢* lowado B (Rger Loafl) Glover o3 8., 1976
4o 2.0 3.0 0.2 1.9 0.3 0.43 1.8 - - S0l e 26 oS Clover ot al., 1976
68.0 11.00 .0 0.) 3.2 0.0 04 8.2 - - 6.92102 ¢ 110* [ddn C Glover ot ol., 1976
3.0 2.0 3.0 0. 0.0 1.5 043 125 - - 24000 A0* Wan D " Glower et al., 1976
740 12.0 8.0 0.3 0.6 8.0 0.4) 6.4 - - 1.0a102 ¢ 7¥ tshi;gtan A (Henford) Gloves ot sl., 1976
76.0 12.0 14.0 0.1 0.0 8.2 0.4 38 - 4303 527 ehingtan B (Hnford) Glover ot al., 1976
8.0 2.0 2.0 0.7 0.2 9.4 0.4 2.9 - 2.8u03 ¢ S* $. Caroline (Barvamll) Cloves st al., 1976
8.0 M.00 18.0 0.7 d.2 [ X3 049 7.0 - - 1.0002 g 5 Nes Hexdco (Los Alasos) GClover et sl., 1976
62.0 90 9.0 0.6 0.7 4.0 0.5 .8 - s.0x0! ¢ 3¢ Arbansae § Glover st sl., 1976
sinot) sard - 2.0 8.6 (8.9) - 5.0 - 1. 4m0? Henford Modes, 1937
sbeol) sand - .0 8.600.0) - 5.0 - - 2.0:)02 Wenford Wodes, 1937
Stk slltyclay lom 2.8 - 3.9 (3.0) - 20 1.29 - 6.302x10} Surpehuy (low) Mshits ot ol., 1979
sticy cloy lom 2.8 - 5.9 (6.89) - 20 1.28 - 3.@4x10? Sharnpebsg (low) Mishits et sl., 1979
loss 2.8 - 6.7 (6.13) 25 241 - 4.93010? Tolo ((xlitoemis) Mahics ot al., 1979
loae 2.3 - 6.7 (6.8 - 2 2.4 - 4. Miu0! Yolo ((a}ifomis) Wighits ot al., 1979
160 50.0 3.0 0.8 112 1.8 oAk 159 - - 17030 £ 70 laahu a Clovar st ol., 1976
9.0 %49 N0 2.3 0.6 1.3 0.37 16.2 - - emod s 3t fkaess € GClover et al., 1976
1.0 33.0 16.0 )b 0.7 3.6 0.% 1.4 - - 2.3210% 3 10 litnofe Glover ot o)., 1926
sil¢ euspadad §0 semarer - - - - - - 0" Pillat 3 tathen, 1973
Qg clay 0.6 - 180 - 30 1.20 - 1.4002 toltevilla Mishits ot al., 199
clay 0.6 - 18028 - b ) 1.20 - 36108 biteville Mahits ot al., 1979
clay - - -8 - - - s (WX sat.  1s10" (Metherlande) Numtre § Vectart, 1977
sohstion)
5.0 N.0 64.0 0.7 XY 1.9 0.42 29.b - - 1.9x10% 2 110"  (olorado C (Rocky Flats) Clover ot al., 1976
320 2.0 %.0 10 0.0 4.8 049 1205 - - 2.610" 2 640"  Tomesess (Ouk Bidge) Clover et ol., 1976
3.0 1.0 %.0 2.7 0.0 $.4 0.45 16.0 -, - 8.12102 £ 130" e Yok (Wet Walley) Clover ot al., 1976
100 %.0 .0 )2 0.9 6.2 .87 .4 - - 21002 ¢ 3%  Akensas 4 Glover ot al., 1976
treated cloy - - 4.0 - - - S woll a3 1.$u10% 20T Pu(VL) Boadiects & Deyoolds,
(s W0,), w76
Ca-sat. s0f) clay traction - 6.5 - - - s o 1.0ul08 Dy 1v) Bamdfeted o al-, 1973
: (0,
Ca-sst. sof) clay fractim - 6.9 - - - 3 la® 120’ By 1v) Bondlettd et al., 1973
(= W)
Ca-sst. soll clay Prection - 6.5 - - - ) ‘= 750t D%p0v1) Bondlect! et ol., I973
{recetste) ’
stysea) red clay - < 2.7 - - - 0.6 ol Y.6ud0? -- Pricecn, 1960
[ %5}
atyssal red cloy - - 6.9 - - - 0.681 taCl .50 -~ &ridson, 1960
sohiglam
Organic arganic 40.8 - 1.2 628y - 0 1.57 - 2.951m0® Eyteit Mshits ot al., 1979
orgmic 40.8 - 1202 - 0 .57 - 1.635x100 fgtart Mishita ot al., 1979
bone charcoal - - 1.0 - - - - $.2ud0" - Yamxs, 1972
cooomg charcoal - - 1.0 - - 2.510 i Tamcza, 1912

ae

Wen the wilue §s brackated, It te g of the extract.
Niehita et al., 1978 report plutontum l‘ waluss w.r.b. g for this soll.

‘d valuc determined vith Initlal plutunlm cancentration of 109 pul/L (daia for 1077 and 107¢ wolL cm be fand in the reference).
Sand, silt end clay percentages excended 1003 in original report.

o
[« ]
]




Table 1) Allard et al. (1977) reported chat the plutonium R, range for
both granite and clay/mud is 6.3 x 10! to 1.6 x 102 mL/g. Vandergraaf

(1982) recommended a Kd value range for plutonium of 2.8 x 102 to
2.0 x 103 oL/g for granite.

Plutonium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long~iived radio—
nuclides in clay and rock. Part 1. Determination of distribdution
coefficients. KBS Technical Report 55.

3aes [II, C.P. and R.D. Sharp. 198l. Predicting radionuclide leaching from
| root zone soil for assessment applicactions. Oak Ridge National Labora-
; tory Report, CONF-810606-44.

Bondietti, E.A. and S.A. Reynolds. 1976. Field and laboratory observations
on plutonium oxidation states. In: Proceedings of the Actinide-Sedi-
ment Reactions Working meeting at Seattle, Washington, 1376 February
10-11, 1976, Battelle Pacific Northwest Laboratories Report, BNWL-2117,
pp. 505-=537.

Bondietti, E.A. S$.A. Reynolds and M.H. Shanks. 1975. Interaction of pluto-
nium with complexing substances in soils and natural waters. In:
Transuranium Nuclides in the Enviroument. International Atomic Energy
Agency Report, IAEA-SM~199/51, pp. 273-287.

trickson, K.L. 1980. Radionuclide sorption studies on abyssal red clays.
In: Scientific Basig of Nuclear Waste Management Vol. 2. Plenum Press,
ede C.J .M. NOtthrupo

Glover, P.A., F.J. Miner and W.0. Polzer. 1976. ?lutonium and americium
behaviour in che soil/wacer environment. 1. Sorption of plutonium and
americium by soils. Id: Proceedings of the Actinide-Sediment Reac-
tions Working Meeting at Seattle, Washingtoan on 1976 Feb. 10-11. Bat-
telle Pacific Northwest Laboratories Report, BNWL-2117, pp. 225-254.

Hamstra, J. and B. Verkerk. 1977. Review of Netherlands program for geo~
' logic disposal of radioactive waste. 1In: Nuclear Power and its Fuel
! Cycle. International Atomic Energy Agency Report, IAEA-CN-36/289.

Johnston, H.M. and R.W. Gillham. 1980. A review of selected radionuciide
distribution coefficients of geologic materials. Atomic Energy of
i Canada Limited Technical Record, TR-90%*.
Nishita, 4., A. Wallace, E.M. Romney and R.K. Schulz. 1979. Effect of soil

type on the extractability of <¢37Np, 23%u, 2“lam and 2““Cm as a fune-
tion of pH. NUREG/CR-0997 UCLA 12-1192. 32 pp.
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Pillai, K.C. and E. Mathew. 1975. Plutonium in the aquatic environmentc -
its behaviour, diastribution and significance. Ia: Transuranium Nucli-

des in the Eanvironment. Internacional Atomic Energy Agency Repore,
TIABA~SM=~199/27.

-Rhodes, D.W. 1957. The effect of pH on the uptaks of radicactive igotopes
from solution by a soil. Soil Sci. Amer. Proc. 21, 389-392.

Tamura, T. 1972. Sorption phenomena significanc in radicactive wasce dig=
posal. In: Underground Waste Management and Environmental Implica=-
tions. Amer. Assoc. Pet. Geol. Mem. 18, 318-330.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and grapmitic rocks. Atomic.Energy of Canada Lim~
ited Technical Record, TR-120%.

3.8 PROTACTINIUM

Nothing om K values or soil cheaistry for protactinium vas found

in the literature. We suggest that K, values for thorium or uranium be

d
used, or even some combination of the values for these elements, such as
MThtU).
3.9 RADIUM

The {nteraction of radium with geological materials and soils, and
the environmental behaviour of radium have been documented by Gillham et al.
(1981b); Nathwani and Phillips (1979), and Sheppard (1980), respectively.
The Kd.values for radium vary from 50 to 1000 mL/g (Gillham et al., 198l).
Johns:on and Gillham (1980) summarized the information relevant to K as

follows:

(1) Radium i3 present as Ra % in the pH range 4 to 8, and does not
readily fora complex species.

(2) Radium can be expected to coprecipitate with BaSO,, carbonates and
ferric hydroxides.

(3) Cation exchange i3 an important adsorption mechanism, since K
values have been correlated to cation exchange capacity (CEC).

Unrestricted, unpublished report, available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Oantaric KOJ 1JO.
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The recommended Kd value means, standafd deviations, raanges and
distribution parameters for radium by soil type, based on Table 12, are
given in Table 13.

TABLE 13
K., FOR RADIUM
———
Soil ' 5.D. a K, Range Lognormal
Type (mL?g) aL/g) Distribution
, . u - {
Sand 1.0435x10% 2.0845x10% 3 106 to 3.8x10* 3.402 1.289

stlt  3.0x10° 4.3566x103 4  2.0x10“ to 9.5x103 5.10  0.6862
Clay  1.5637x10* 1.7216x10" 696 to 5.6x10* 3.961  0.5522

[o 4]

The Kd values for st:onsium may be used as a guide because of the
chemical similarity of radium and strontium. Baes and Sharp (1981)
suggested a mean value of 1.4 for the l°3ld‘d for strontium, with a corre~
sponding standard deviation of 0.9 (see Table 1). Allard et al. (1977)
reported a Kd range for radium of 40 to 79 mL/g for clay/mud and 63 to
100 wL/g for granite. Vandergraaf (1982) recommended a Kd range of 5 to
5000 mL/g for granite. Since no data were found for organic soils, the

radium Kdvalue for clay, or the stroantium Kd value for organic soil, is
recommended.

] Radium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. adsorption of long-iived
radionuclides in clay and bedrock. Part 1. Determinatiocn of distribu-
tion coefficients. KBS Technical Report 55.

Baes III, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge Natiomal Labora-
tory Report, CONF-810606-44.

Coch:anb J.K. and S. Krishnaswami. 1980. Radium, thorium, uranium and
2i0ph i3 deep-sea sediments and sediment pore waters from the north
equatorial Pacific. Amer. J. Sci. 280, 349-889.
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Gillham, R.W., H.D. Sharma, M.R. Reddy, E.L. Cooper and J.A. Cherry. 1981b.
Barium and radium migracion in unconsolidated Canadian geological mate-
rials. Atomic Energy Coatrol Board Report, INFO-0048.

Johnston, #.M. and R.W. Glllham. 1980. A review of selected radionuciids

distribution coefficients of geologic materials. Atoamic Energy of
Canada Limited Technical Record, TR-90%.

Nathwani, J.S. and C.3. Phillips. 1979. Adsorption of 226Ra by soils in

the presence of calcium (2*) {ons. Specific adsorption (II). Chem~
osphere 8, 293-299. .

Sheppard, M.I. 1980. The environmental behaviour of radium.

Atomic Energy
of Canada Limited Report, AECL-6796.

Vandergraaf, T.T. .382. A compilation of sorption coetfficients for radio-
auclides on granites and granitic rocks. Atomic Energy of Canada Lig=—
ited Technical Record, TR-120%.

300 THORIUM

Little information is available in the literature on thorium in-
teractions in the environment; however, two brief reviews of thorium chemis-
try are available (Rancon, 1973; Sheppard, 1980). .Johnscon and Gi{llham
(1980) summarized the informacion relevant to Kd as follows:

(1) The érimary thorium adsorption mechanism is ion exchange.

-(2)' In nom~calcareous soils, thorium adsorption is extremely seansitive
to initial thorium solution concentrations. In organic wmaterials,
increased pH causes increased humic acid solubility and thorium
complexation, resulting in lower Kd values. In caicareous soils,
Kd values are high (> 10 aoL/g), regardless of pH or thorium con~
centration, because of the buffering capacity of the soil and the

precipitation of Th(OH),.

(3) K, values are gemerally high, (> 103 oL/g), in dilute solutioas,
indicacing limited thoriuam migratiom.

The recommended Kd value means, standard deviations, ranges and distribu-
tion parameters for thorium by soil type, based on Table 14, are given in
Table L3,

Lo - -
* Uanrestricted, unpublished report, available from SDDO, Atomic Energy‘ 73
Canada Limited Research Company, Chalk River, Ontario KOJ 1JO.
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TABLE 14

K, VALLES KB THROM : LITERATURE SURVEY SLMARY

Safl T X 14 4 4 i o % S Pres  Compering X So1l Location
Type Sand Stle  Clay Orgenic Ca); Saturated Paste ( (meq/100. g) lron Oxides Cution (-L’g) or Description Refetence
Sad’ 4@ - 0 <1 BXcar 7.0 - - - Th Gonc.  1.5x10% Cadersche sediment Rangon, 1973
sm&) bonste) 1 gN)

Csy 40 - 60 [} 0@ car 1.2 - - - Th Conc. 8 clay echist Rargon, 1973
510,) bonate) (1 sh)
W@ - 60 00 OQ@ca 4.8 - - - Th Conc.  1x0°  clay echist Rangon, 1973
Sin,) . bonate) (0.1 g/L -

c$ - 12 0 23X 6.7 - - - th Conc.  Bxi0®  river pest Rangon, 1973

510,) bonate) _ (1 gh)
5 - 12 60 2 @Rcar T4 - - - Th Conc.  1.5x10 river pest Rengon, 197
510,) banate) ©.1 gh)

S

- 'z-

\8088
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TABLE 15
) ' Ed FOR THORIUM
Soil B 4 S.D. n K, Range Lognormal
Type (mL?g) ?les) Distribuction
99 g
Clay 5.0x10* 7.0710x10% 2 8.0 to 1.0x10% 2.95  2.90

organic 4.75x10" 4.5962x10% 2 1.5x10“ to 8.0x10“ 4.54  0.5141

Baes and Sharp (1981) suggested a mean value of 4.8 for the
10310Kd for thorium, with a corresponding standard deviation of 0.6 (see
Table l1). Allard et al. (1977) reported Kd ranges from 40 to 316 ulL/g and
500 to 1260 mL/g for clay/mud and granite, respectively. Vandergraaf (1982)

recommended a Kdvalue for thorium of 850 mL/g for granite.

Thorium References

Allard, B., H. Kipacsi and J. Rydberg. 1977. Sorption of long-lived radio-
nuclides in clay and rock. Part l. Determinatiomn of Distribution
Coefficients. KBS Technical Report 55.

Baes [II, C.F. and R.D. Sharp. 198l. Predicrting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge Natiounal Labora~- .
tory Report, CONF-810606-44. :

Johnston, H.M. and R.W. Gillham. 1980. A review of selected radionuclide
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record, TR-90%.

Rangon, D. 1973. The behaviour in underground eanvironmeants of uranium and
thorium discharged by the nuclear industry. In: Environmental Behav=-
four of Radionuciides Released in the Nuclear Industry. International
Atouic Energy Agency Report, IAEA-SM=172/55.

Sheppard, M.I. 1980. The eavironmental behaviour of uranium and thorium.
Atomic Energy of Canada Limited Report, AECL-6795.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim=~
ited Technical Record, TR=-120%*.

* Unrestricted, unpublished report, available from SDDO, Atomic Energy of

Canada Limited Research Company, Chalk River, Ontario KOJ 1JO. !
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.11 URANTUM

Several reviews of uranium cheaistry exist (Harasen and de Hasn,
1980; Borovec, 1981; Sheppard, 1980), but few K, values have been reported

in the literature. The summary on uraoium geochemistry presented by John—
ston and Gillham (1980) indicates that

(1) 1in oxidizing enviroumencs, US compounds are stable and can pre~ :
cipitate, whereas U“* is stable in a reducing envirooment and

would precipitate as U0, thus the oxidation—reductiaon s:atni is
important;

(2) soluble uranium (U®") can be adsorbed or tednéed by ofganic aac~
ter; if US* {3 reduced to U“*, precipitation can oceur; B

(3) U0,%" can be adsorbed by clay minerals by cation exchange, but may
also form .complexes with anions such as carbooate or phosphate.

Borovec (1981) indicated that Kd values fo; uranium for clay minerals range
from 50 to 1000 mL/g and for peat from 10" to 10° mL/g. The recommended

Kd value means, standard deviations, ranges and distribution parameters for
uranium by soil type, based on Table 16; are given in Table 17.

TABLE 17
K. FOR URANIUM

Soil Ry S.D. n K4 Range Lognormal
Type (nL9s)' ?mL/s) Discribution
9% o}
Sand 8.065 11.22 2 0.13 to 16.0 . 0.159 1.478
Clay 2.6349x105  4.5597x103 3 200 -to 7.9%x10° 3.543  2.040

Baes and Sharp (1981) suggested a mean value of 1.6 for the
’1°810Kd for uranium, with a corfesponding standard deviation of 0.6 (see

,378!
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X, VAIES R LBANDN : LITZRATURE SURVEY SLttsy

Sotd X 4 4 b 4 ar Qx T Proe Oompet tng K Sot} locstion

Type Sand Slit  Clay Orpanic CalD, Setursted Peste ( (wog/100 g) [ron Oxides Ostioa (-d;) oF Description Maference
Sand 43 - W 1 B @car <7 - - - - 103 Caderuche sedt Pangon, 1973

@ 510,) borete) .

) eady sotl - - - - - A3 g @, i 0.3 -- Tmswto et l., 19
st alhnal ool - - - - - 43 g m,"l‘ 0.23 -~ Tassmoto et ol., 1973
Qs @0 - 60 [} O (L car ¢} - - - - 270 alterwd achist fangon, 1973

Q@ sw,;) bonate)
abyssal ved clay - - 2.8 - - - 0.68 =)/ NaCl 200 - Erickson, 960
abyssal ved cluy - - 1.1 - - - 0.68 I (1 7.9010° - - Eei ke, 1980
adc 5 - 17 60 (X car € - - - - 3 organic pest Rengon, 1973
@& s10)) bunete)

!
N
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|
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Table 1). Allard et al. (1977) reported Kd ranges from 2.5 to 20 al/g for

clay/aud and 4 to 13 aL/g for granites. Vandergraaf (1982) recommended a K
‘ d
range of 0.4 to 10 aL/g for granites.

Uranium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radio-
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tory Report, CONF-810606-44.

Borovec, Z. 198l. The adsorption of uranyl species by fine clay. Chem.
Geol. 32, 45-48.

Ericksom, K.L. 1980. Radionuclide sorption studies on abyssal red clays.
In: Scientific Basis of Nuclear Wascte Management Vol. 2. Pleoum Press,
eds CoJ.M. North:“po

Harmsen, K. and F.A.M. de Baan. 1980. Occurrence and behaviour of uranium
and thorium in soil and water. Neth. J. Agric. Sei. 28, 40-62.

Johnston, B.M. and R.W. Gillham. 1980. A review of selected radionuclide
distribution coefficients of geologic macerials. Atowic Energy of
Canada Limited Technical Record, TR-90%.

Rangom, D. 1973. The behaviour in underground envirouments of uranium and
; thorium digcharged by the nuclear industry. In: Enviroomental Behav—
iour of Radionuclides Released in the Nuclear Industry. Iaternarional

Atomic Energy Agenmcy Report, I[ABA-SM-172/55.

Sheppard, M.I. 1980. The environmental behaviour of uranium and thorium.
Atomic Energy of Canada Limited Report, AECL-6795.

vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim~
{ted Technical Record, TR-120%.

Yamamoto, T., E. Yunoki, M. Yamakawa and M. Shimizu. 1973. Studies on
environmental contaminatiocn by uranium. 3: The effects of carbonate
ion on uranium adsorption to and desorption from soils. J. Radiat.
Res. 14, 219.

»

b4 Unrestricted, unpublished report, available from SDDO, Atomic Energy o;‘f R
Canada Limited Research Company, Chalk River, Ontario KOJ 1J0. N 80




2809

4. DISTRIBUTION COEFFICIENTS FOR FISSION PRODﬁCTS

61 cALCTUM

L values for calcium reported by Graham (1973) and Graham and
silva (1979) vary from 1 x 10-3 to 9.8 mL/g; however, there is some

confusion about the units. Wong et al. (1983) reported Kd values of 1117
and 1900 mL/g for a samnd and a muck soil, regpectively. It i8 recommended

that the Kd values for strontium be used for calcium (see-Seection 4.11).

Calcium References

Graham, E.R. 1973. Selective distribution and labile poola of micronucri-
ent elements as factors affecting plant uptake. Soil Sci. Soc. aAmer.
Proc. 37, 70-74.

Graham, Z.R. and C.G. Silva. 1979. Labile pools and distribution coeffi-
cients for soil calcium, magnesium, and potassium determined with ex-
change equilibria and radioisotopes. Soil Sciemce 128, 17-22.

wong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow aud H.P.
Gerrish. 1983, Heavy metal migration in soil-leachate systems. 3ig-
cycle 24, 30-33. ‘

4.2 'CARBON

Allard et al. (1981) studied the sorptiom of Hi“COB‘ on some
solids using the batch technique. The sorption of !'“C was genérally law,
but appeared to increase with increasing calcium content of the solid.
Retardation factors of up to 3 (l.e., three times slower transport of '“C
than of water) were meagured for calcite. Concrete will probably retain
most of the ‘“C, and a retardation factor >10 might be expected for a

bentonite~quartz mixture (Kd = 2.2 x 107° oL/g). Owing to the paucity of

informacién, a conservative retardation factor of 1, or a Kd of 0 mL/g, is
recommended.

*,
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Carbon Reference

Allard, B., B. Torstenfelt and K. Anderssom. 198l. Sorption behaviour of

l4¢ {n groundwater/rock and in groundwater/concrete eanvironmancs.
Report Prav 4.27.

4.3 CESIUM

The work of Gillham et al. (198la) 1s the most extensive on Kd
values for cesium for Canadian soils. Their study showed that for 15 Cana=
dian soils, Kd values for cesium ranged from L x 10%¢ts 2 x 10“ ok/g, but

ghete was no significant correlation between the Ka'value and measured soll
properties such as CEC, major cacion concentration, clay mineral composi-
ticn, organic matter content and pHd. Ia more than half of the samples, how= .
ever, the Kd values vere related significanctly to the natural exchangeabla
cesium content of the soil, and this must be accounted for in sorptionm

studies.

The recommended Kd value means, standard deviations, ranges and

distribution parameters for cesium, based on Table 18, are given in Table

19.
TABLE 19
K, FOR CESIUM

Soil R S.D. n K, Range Lognormal
Type (rnljs) ?mL/g) - Distribution

73 c
Sand 2163 3226 24 10 to l.0x10" 2.668 0.9332
sile 1.1395x10* 7899 20 650 to 3.0x10"“ 3.912 0.4227
Clay 8379 1.3613x10% S 65 to 3.15x10“ 2.945 l.216

Baes and Sharp (1981) suggested a mean value of 3.0 for the
logloxd for cesium, with a corresponding standard deviation of 0.8 (see
Table l). Allard et al. (1977) reported Kd ranges from 6 to 32 mi/g and 32

. 82
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to 794 ul/g for clay/mud and granite, respectively. Vandergraaf (1982)
recomaended a X range of 40 to 1000 al/g for granite.
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Nuclear Waste Management Quarterly Progress Report Oct.-Dec. 1977;—'
Pacific Northwest Laboratory Report, PNL-2377-4, UC-70.

Schmalz, B.L. 1972. Radionuclide distribution in soil mantle of the litho-
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ing Statiom, USAEC Report, IDO~10049.
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\ Poland. Nukleonika, 26, 595-599.

Wwildung, M.W. and D.W. Rhodes. 1963. Removal of radioisotopes from solu-
tion by earth materials from eastern ldaho. 1IDC-14624.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio~-
ouclides on granites and granitic rocks. Atomic Energy of Canada Lim—
ited Technical Record, TR-120%.
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4.4 IODINE

The most extensive sctudy of lodine adsorption on soil was that of
‘Wildung et al. (1974). Johnston and Gillham (1980) have summarized the

known soil chemistry of lodine as follows:

(1) the most stable form of iodine in both oxidizing and reducing
environments i3 ilodide, I~. Because the predominant iodine spe-
cies is an anion, lon exchange would not be important im soil
adsorptioun, particularly at neutral or high pH values.

(2) organic macter appears to be a significant factor in iodine ad-
sorption.

(3) Ky values for lodine range from 0.1 to 50 mL/g, depending on the
form of the iodine and the pH of the solution. The maximum K

d
value would be obtained for I~ at a pH of 4 to 6.
* Unrestricted, unpublished report, available from SDDO, Atomic Energy of -
Canada Limited Research Company, Chalk River, Ontario KOJ 1J0. 85
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Since no Kd values for specific goils were found in the literaturs, ih.
multiple-regrassion equations (based on iodide (I7) and methyl fodide (CB L)
fateractions with 22 soils) reported by wildung et al. (1974) vers .applied
to soila already described in :his.tepot:. The Kd values were calculated

- only for soils whose properties vere within ths range of the soils used to

generate the multiple~regression equations. The equations for todide K. and.

d
methyl lodide Kd differ, and are
Kd = Q.33 XL + 0.09 x3 (5)
iodide
Kd'methyl = 0,027 X2 + 0.10 x3 (6)
iodide
where X, is the silt content (range for equation development i3 17.6 to
- 58.02),
X2 {s the clay content (range for equation development is 3.3 to
46.6%), and . )
X, is the organic carbon coatent (range for equation development

1s 0.23 to 28.8%).

The recommended L9 value means, standard deviations, ranges and distribu—
tion parameters by soil type (using Equation (6) ;ince it will predict-the
lowest Kd values because methyl icdide i3 more highly mobile), based on
Table 20, are given in Table 21.

TABLE 21
K. FOR IODINE
Ky

Soil

4 S.D. n K4 Range Lognormal
Type (ﬂL78) ?les) Distcribution
T g
Sand 0.5514 0.3595 7 0.2 to 1.210 -0.3404 0.2929
silc 0.9145 0.3201 11 0.18 to 1.50 -7.99x10~ 2 0.2351
Clay 1.293 0.3697 4 1.03 to 1.83 9.952x10- % 0.1140

“III‘»:
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TABLE 20

K, VAUES RR IODDNE : LITYRATURE SIRVEY SIMARY
————— e S T Y

Calculaced

Sotl} b4 b4 b4 X Sotl Locacton Refarence

Type Sllt Clay Organic (-L’g) or Deseripclon

Sand 31 7 0.38 0.23 Sotl 11 (WNRE) Cillham et al., 1981a

. 39 9 0.33 0.28 Soil 12 (BNPD) Cillham et al., 1981a

22 18 2.05 0.69 Sotl 18 (Alderta) Gillham et al., 1981a
19 5.3 0.45 0.20  Hanford A Ases & Rat, 1978
39.4 18.0 0.60 0.55% ldaho A ’ Ames § Rat, 1978
28.4 22.4 0.98 0.70 ldaho 0 Glover et sl., :376
20.0 36.0 2.4 1.21 Colorada A Glover ec al., 1976

S{it SO 34 .8 1.00 {daho A Glover et al., .976
54 37 .3 1.23 Arkansas C Clover et al., 1976
53 L8 3.6 0.79 I1linots Glover et sl., 1976
35 29 0.43 0.83 Sotl f1 (WNRR) Glllham et al., 1981a
36 29 0.41 0.82 Soi} 12 (WNRR) Cillham ot al., 1981a
3% 31 0.40 9.88 Sell #3 (WNRE) Gillhem.et al., :981a
i1 1 1.27 0.96 Soil #S (Lemington) Gillham et al., 1981a
55 33 0.3% 0.93 Sail #9 (North Bay) Cillham et al., 1981a
34 32 0.85 0.96 Satl #14 (Alberts) Gillham et al., 1981a
- 29 7.1 1.50 3rookston sile Juo & Barber, 1970

{average profile)

50 & 0.23 0.18 Ritzville silt Routson, 1973

Clay 34 15 0.81 1.03 Sodil #135 (Aldberta) Gi{llham et al., 1981a
12 36 1.0 1.07 Tennasses (Oak Ridge) Glover ez sl., 1976
32 16 2.7 1.24 New York (West Valley) Clover et al., 1976
313 3 1.2 1.83 Ackansas A GClover et al., 1976

The Kd range reported for mechyl iodide in soil was 0.1 to 3.1
(Wildung et al., 1974). The multiple-regression equations were developed
for mineral soils. A single value of > 30 aL/g for charcoal is éercinenc to
organic soil (Nowak, 1981). Vandergraaf (1982) recommended a Kd value fér
lodine of 0 mL/g, until a cationic species of {odine is identified.
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agement 1}, 545-552. .

Routson, R.C. 1973. A review of studies on soil-waste relationships oa the
Hanford Reservation from 1944 to 1967. Battelle Pacific Northwestc
Laboratories Report, BNWL-1464, UC~70.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio~

nuclides on granites and granitic rocks. Atomic Energy of Canada Lin~
{ted Technical Record, TR=-120%.

Wildung, R.E., R.C. Routson, R.J., Serne and T.R. Garland. 1974. Pe:ggch—
necate, iodide, and mechyl iodide retention by surface soils. BNWL-SA-
519S§. _

4.5 MOLYBDENUM

No data were found in the literature for molybdenum; however,
because of its position in the Periodic Table, the K
can be used for molybdenum.

d values for technetium

4.6 NICKEL

Little information exists for soil adsorption 6f nickel. Swauson
{1981) reported a range of Kd values for nickel of 5.2 x 10} ro
1.2 x 10* nL/g for a selected size fraction of Hanford soil (75 to 150 m)
with a soil-to-solution ratio of 0.010 g/mL. Coatradictory rasults and the
use of organic complexants in the Swanson experiments indicate that values

for specific samples should not be used.

*

Unrestricted, unpublished report, available from SDDO, Atomic Enetgy
Canada Limited Research Company, Chalk River, Qatario KOJ 1JO. ‘88
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Gerritase et al. (1982) suggested that the Kd value range for
aickel 18 1 x 102 to 1L x 103 nL/g. They reported two sandy mineral goil
values of 6 x 10} and 3.4 x 102 nL/g and four pest soil values of 3.§ x 102,
6 x 102, 9.9 x 102 and 4.7 x 109 nl/g. Wong et al. (1983) reported R,
values of 604 and 1437 mL/g for a sand and a muck soil, respectively. Tha
recommended values of u and ¢ for the Kd distribution for nickel, based on
this information and distribution information for the other nucliides, are

given in Table 22.

TABLE 22
RECOMMENDED VALUES OF u AND oc FOR NICKEL

Soil Lognormal Distributionm

Type- B ' g
Sand 1.5 1.0
s1lt 2.0 1.0
Clay 3.0 1.0
Qrganic 3.0 1.0

Nickel References

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roos. 1982. Effect
of sewage sludge on trace element mobility in soils. J. Envirom. Qual.
11, 339-364.
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level waste radionuclides in soils: Status report. Pacific Northwest
Laboratory Report, PNL-3927, UC-70.

Wong, K.V., S. Sengupﬁa, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983, Heavy metal migration in soil-leachate systems. Bio-
cycle 24, 30-33.

4.7 PALLADIUM

No specific information was found on soll adsorption of palladium.

We suggest that the Kd values for nickel be used for palladium. Vandergraaf

® .
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(1982) reported a range of O to 28 mL/g for the Kd of palladium for granite.

He recommended that a Kd value of 11 mL/g be used.

palladium Reference

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio~
auclides on granites and granitic rocks. Atomic Energy of Canada Lim=
ited Technical Record, TR-120¥.

4.8 ‘RARE EARTHS -~ TERBIUM, SAMARIUM AND CﬁRIUH

Terbium, samarium and cerium are fission products, and it is com=
venient to discuss these three rare-earth elements together because of their
chemical simtlarity. Cerium was the only onea of these elements for which
data were found. Vandergraaf (1982) reported that the Kd value for cerium
ranges from 250 to 5000 nL/g, and recommended a value of 1000 mL/g. Allard
et al. (1977) reported a Kd range for cerium of 100 to 10 000 mlL/g for
clay/ mud and 1090 to 1.6 x 10“ ml/g for granite. Baes and Sharp (1981)
suggested a mean value 0f‘3.0.f0t the loglde for cerium, with a correspon=
ding standard deviation of 0.6, and a Kd range of 58 to 6000 mL/g (see
Table 1) for all soils. We recommend using the values of Baes and Sharp for
all soil types.

Rare Earths References
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Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim=
{ted Technical Record, TR-120*.

* Unrestricted, unpublished report, available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Qmntarie KOJ 1JO.
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4.9 SELENTUM

Elsokkary (1980) reporrted selenium adsorption for three éoih,
which allowed the computation of Kd values of 1.6, 2.2 and 2.5 aL/g on a
clay.soil and two silty soils, respectively. Frost and Griffia (1977)

reported a K d value of ~ 50 amL/g for HSe0,~ adsorption on calcium-montmoril~
lonite at a pH of 7. Singh ec al. (1981) reported Kd values ranging from 3
to 73 mL/g for selenate adsorption on sandy soils. Since insufficient data
are available, we suggest that the values for polonium be used for assess=—

ment purposes.
Selenium References

Zlsokkary, I1.H., 1980. Selenium distribution chemical fractionatiocn and
adsorption in some Egyptian alluvial and lacustrine soils. 2Z. Pflan~
zenernaehr. Bodenkd., 143, 74-83. -

Frost, R.R. and R.A. Griffin. 1977. Effect of pH on adsorption of arsemic
and seleniun from landfill leachate by clay minerals. Soil Sci. Soc.
Amer. J. 41, 53-57.

Siagh, M., N. Singh and P.S. Relan. 198l. Adsorption and desorption of

selenite and selenate selenium on different soils. Soil Sci. 132,
134-141.

4.10 SILVER

Little information exists for soil adsorptiom of silver and no
specific soil Kd values were found. Consequently, it is suggested that in=
formaction for copper be used for silver becaugse of their proximity in the

Periodic Table. Gerriﬁae et al. (1982) suggested that the Kd value range

d values of 1.6 x 102’
and 5.6 x 102 mL/g for copper on sandy mimeral soil, ‘and K, values of

d
4.6 x 103, 1.7 x'10%, 2.2 x 10% and 3.3 x 10" aL/g for copper on peacy soil.

for silver 18 1 x 103 to 1 x 103 mL/g. They reported K

Values for copper also ranged from 5.5 x 10“ to 1.2 x 103 nL/g for O to

0.9 meq Ca?t/g dry peat. Wong et al. (1983) reported Ky values for copper

of 206 and 197 mL/g for a sand and a muck soil, respectively. The recom=

mended Kd distribution parameter values for silver, based on this informa-

tion, on the distribution information for the other nuclides and on ‘rabl’
23, are given in Table 24. ‘ ._,"Q 91
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K VALES FOR SIIVER ; LITERATIRE SLRVEY SUMMARY
o

‘el R 4 T 3 1 ™ ac 1 Proe CGmpeting x Sotl Location
fype Sad St Quy Onganic C4D, Sstursted Puste (2eq/100 g) lron Oides  Qatfon (-l.’o or Description Rferonce
Saryl - - 0 1y - 4.5-5.0 - 22 - - 1.60003 Soq1 C Gervitoe ot o)., 1982
- - - 20 Ly - 1.5-8.0 - 16 - - 5.6102 Sol) D Carvitee et al., 1962 '
- - - - - ‘. - - - 0.1 sl GO, 2.7 Plorida | - sand Crahaa, 1974
- - - - - 6.2 - - 0.1 i/l 13 33.0  Flotide 1 - sand + cxgamnic matier Grahwa, 197 8
M - - - - - 5.0 - - - 0.1 i a2, 23.0 Masasgi 2) . Urehas, 197)
- - - - - X3 - - - 0.1 wlA GeCl, 200 Mesonat 24 Crahes, 197) ]
- - - - - 6.6 - - - 0.1 wiN Ca3; ) Masag! 18 Crabum, 197)
ngalc - - - % - 4 - - - - 4.4007 sofl A } Cervitac ot al., 1902
- - - A0 - b0} - - - - 2.2210% Meat A Gesritse ot sl., 1982
- - - %0 - 6 - - - - 1.7210% Peat B Cestites ot ol., 1982
- - - »0 - 6.2 - - - - 3.0 soll ® -Gasritee ot »l., 1982
3 ' 3]
‘ (Ap)
)
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TABLE 24
RECOMMENDED VALUES OF u AND o FOR SILVER

Lognormal Distribution

’ Soil Type ] o) n
l Sand 1.726 0.9988
i Silt 2.090 0.5678 3
j Clay 4.0

Organic 4.184 ‘ 0.3792 4

Silver References

Gerritge, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roos. .982. cffect
of sewage sludge on trace element mobility in soils. J. Environ. Qual.
; 11, 359-364. .

' Graham, E.R. 1973. Selective distribution and labile pools of micronutri-
‘ ent elements as factors affecting plant uptake. Soil Sci. Soe. Amer.
Proc. 37, 70=74. . .

Wong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983. Heavy metal migration in soil-leachate systems. 3Bio-
' cycle 24, 30-33.

4.11 STRONTIUM

The most extensive report om strontium Kd values for Canadian
soils is the work of Gillham et al. (198la). For l5 Canadian soils, the Kd
values ranged from 2.5 to 1 x 102 mL/g. The study also showed that stron—

tium “in some or possibly many circumstances would migrate at velocities
smaller than the groundwater velocity but at velocities which nevertheless

could be significanc.”
The recommended Kd value means, standard deviations, ranges and

distribution parameters for strontium by soil type, based on Table 2S5, are-
Ziven in Table 26. '
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K VALES A STRONTTIM : LITERATUSE SARVEY SURWEY

o

-zq-—

Sofll 3 3 3 3 m CGC 2 Pree  Competing | 4 Soll locstion
Type Sed Siit Qey Orgenic CaD, Satusuted Peste (mcq/100 g} leon Oxbies Oatlon (dju ar Description fevence
S 10 - - 0.0) 4 ed(ma) -~ 1.4 - oce raf. 2.000! Sofl # (WRE) Cillhes et al., 1968
9 3 7 005 408 J8(ac1) - 1.2 - soe tef. 1.3 So1l 46 (Leaalogtan) Cillhen ot al., 19818
9% 4 a Q.5 ] 6.3 (G ) - 1.1 sos ref. 2.aa0! Sol) M7 (GoL) Cillhan ot sl., 1981s
2 4 y  0.08 0 3.0 (1) 1.6 see ruf. 1.0xt0? Sotl #8 (North Bey) Cillhems ot ol., 198ls
9 2% 1) 04 0  63(Qy) - 1.9 - searel. 2.5a10! o1l Mo (WRE) Giithas ot al., 198ts
2 N ! 03 183 1.6(;cly) - 2.2 - ses et 5.0x10} Sofl NIl (wer) Cillhas st al., 196le
9% | 1 o 11 8.0 (1)) - 0.4 - scs ref, 1.0x10! Soll M) {C.7.8. Burden) Ciilham ot al., 19810
0 n 10 2.03 1.4 le(a))y - n.2 - sen raf. $.0s10! Sotl 016 (Alberta) Cillhas ot ol., 19812
e 9 4 040 0.0/ 8.1 (c.d,) 3.0 ose rof. 1.160102 £ 9 Sedtaent 8 (Soluzion 1) Seme ot sl., 1978
%6 (<0.076 wm) ~ - - - - - 2.4x10! Oompostte sol} Sclmals, 1972
rlves sand - - -8 - - - 90X Na b § Rwer sand Hewtrs 6 Verimix, 1977
solutlan -
sutwofl ey - 2 6 - s - A mllL Net, 1.2a0! tnford sutmotl Modes, 1937
0.0l ol PO~
sumotl sand - 1 ] - ) - s.0x10} Henford subeot) Fuodes, 1937
s 20 2.9 - . - 19.2 - Wil 10 Sidel) sand A & Marbes, 1970
[} .
Burtauk soll - - - - - - ‘I’G&‘W 4.8a0! Babark soll Hejok & Amme, 1908
Bsbark ooil - - - - - - Jwi 2.1 brterk wil tsjeh § Amme, 1968
babak oot} - - - - - - 0.3 ol 7.3 Astank soll Hojok § Anns, 1960
. Sstak ooll - - - - - - ol e .13 Surtark sol) Hojuk § Anss, 1968
& 1 -3 o6 2.8 - - 3.3 .63 O.2mlAma L.g2uiol Sntek sand (sveTage profile) Soutsca, 197)
oes ref.
63 1N 5 021 1.36 - - 5.3 12 0.3 ol MG 1.6x10! Biwata sand (ovaxegs gofile) Bomscn, 197)
ous ref.
spdfes sand 042 02%0.9 oes raf.® 1 A2a0! Galk Riwer (R) aquifes ead Pattarwcn & Sposl, 1961
sqiiter amd 0.2 0.250.9 ses ref.0 9.2 Ghalk Rives (RA) squifes sed Patisswcm & Sposl, 1981
aqpdler sond 0A2 02509 oos rof.® 1.8 Qulk Biver {Q) aqitfer sand Puttereom b Sgosl, 1981
aquifer sand 0.2 0.25-0.9 see ref.® 1.67a0} Chalk River (§8) apdfer sand Pattersan § Sposl, 1981
aquiter sond 042 0.250.9 oes ref.® 113008 Gwlk Biver (X) aquifer sand  Potterecm § Spoel, 1981
squdfer eand . 042 0.2%0.9 sae ref.0 6.0 Chalk River (Ud) aqifer sand Petiersos § Spoel, 1981
oo ref.
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TABLE 28
Ki FOR STRONTIUM

Soil K S.D. a 'Ky Range Lognormal
Type (nL’g) . mL/g)" Distridution

- .
Sand 26.02 30.21 26 2.0 to 114 1.162 0.4964
Sile 49 .49 72.44 20 8.0 to 300 1.436 0.4254
Clay 449 .2 415.7 6 8.0 to 1150 2.286 0.82139

Baes and Sharp (1981) suggested a mean valua of 1.4 for the

logloxd for strontium, with a corresponding standard deviation of 0.9 (see

Table 1). Kd values for strontium determined for various pure clay minerals
ranged from 0.2 to 9.0 mL/g (Wahlberg et al., 1965). L values determined

for various minerals (including clay minerals) ranged from 0 alL/g for quartz
to 2.1 x 103 oL/g for alumina (both at pH = 7.5) in a natural water solution
and from L mL/g for quartz to 1.44 x 103 mL/g for alumina (both ac pH = 7;0)
fn a 0.1 mol/L sodium nitrate solution (Tamura, 1972). Palmer et al. (1981)
also reported extensive results for strontium sorption on pure clay, clay/

silica and alumina/clay for various solution compositions and pH. Allard ec
al.(1977) reported a K, range of 20 to 63 mL/g for clay/mud and a fange of 3

to 16 mL/g for grani:e.' Vandergraaf (1982) recommended a Kd range for

strontium of 0.6 to 600 mL/g for granite.

Strontium References

Allard, 3., H. Kipatsi and J. Rydberg. 1977. Sorption of long~lived radio-
nuclides in clay and rock. Part 1. Determination of Distributioca
Coefficients. KBS Technical Report 55.

Aleksakhin, R.M. 1965. Radioactive contamination of soils and plants.
USAEC Report AEC~tr-663l.

Baes [II, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge Nationmal Labora-
tory Report, CONF-810606-44.
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Gillm, R-“o, L.E. Linds‘y, W.De Remlds, TeJoe Keﬂln, Jede Chﬂm and u.g.~
Reddy. 198la. Studies of cesium and stromtium migration in uncoungoii-

dated Canadian geological macerials. Atomic Energy Control Board Re-
port, INFO-0049.

Hajek, 3.F. and L.L. Ames, Jr. 1968. Strontium and cesium equilibrium
distributicn coetfficients: Batch and column determinations. Battelle
‘Paeific Northwest Laboratories Report, BNWL-481-3.

Hamstra, J. and B. Verkerk. 1977. Review of Netherlands program for geo-
logic disposal of radicactive waste. In: Nuclear Power and its Fuel
Cycle. International Atomic Energy Agency Report, ILAEA-CN-36/289.

Juo, A.S.R. and S.A. Barber. 1970. The retention of strontium by soils

influenced by pH, organic macter and sacuration catioms. 3o0il Sci.
109, 143-148. ’

Palmer, D.A., S.Y. Shiao and R.E. Meyer. 1981. Adsorptiomn of nuciides on
aixtures of minerais. J. Inorg. Nuci. Chem. ﬁgg 3317-3322.

P Patterson, R.J. and T. Spoei. 198l1. Laboratory measurements of the stroao=
I tium distribucion coefficient K,Sr for sediments from a shallow sand
aquifer. +Water Resour. Res. 17, 513-520.

Rangon, D. 1972. Practical utilization of tha distribution coefficient for
the measurement of the radiocactive contamination of minerals in rocks,
soil and subterranean water. Cardarache Nuclear CEA Research Ceater,
ANL-trans=-931, Report-R~4274. :

Rhodes, J.W. 1957. The effect of pH on the uptake orf radiocactive i{sotapes
from solutionm by a soil. Soil Sc. am. Proc. 21, 389-392.

Routsonm;, R.C. 1973. A revteu of studies on soil-waste relationsnips on the
Hanford Reservaciomn from 1944 to 1967. Bactelle Pacific Nortnwesc
Laboratories Report, SNWL-1464, UC-70.

Schmalz, 3.L. 1972. Radionuclide distribution in soil mantle of the Litho-
sphere as a coansequence of waste disposal at the National Reactor Test-
ing Statiom, USAEC Report, IDO-10049.

Serne, R.J., D. Rai and S.J. Phillips. 1978. Monitoring and physical char-
acterizacion of unsaturated zome tramsport: Laboratory analysis. Ia:
Nuclear Waste Management Quarcterly Progress Report 1977 Oct.-Dec.
Pacific Northwest Laboratory Report, PNL-2377-4, UC-7Q.

Tamura, T. L1972. Sorption phenomena significanct in radiocactive waste dis—
posal. In: Underground Waste Management and Environmental Implica-

tions. Amer. Assoc. Pet. Geol. Mem. 18, 318-330.
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Vandergrsaf, T.T. 1982. A compilation of sorption coefficiencs for radtio-
nuclides oo granites and graaitic rocks. Atomic Energy of Canada Lin—
i;ad Technical Record, TR-120%. :

'Jahlbetg', JOSO, J.He amt, R.W. Vernon and R.S. Dewar. 196S. Eum.
adsorpcion of stroutium on clay minerals. U.S. Geol. Surv. Bull.,
1140-C, U.S. Govermment Printing Qffice, Washingtom.

4.12 TECHNETIUM

The environmental behaviour of technetium has recently been re=
viewed (Turcotte, 1982), as has the chemigctry of technecium (Paquette et
al., 1980). Technecium migration 1s geuerally retarded under reducing con-
ditions (l.e., in ggological formatiocuns), where it is less soluble. Techne~
tium, however, zoves with the groundwater ia aéta:ed soils of low organic
carbon coatent. Johnstoa and Gillhan (1980) indicated that

(1) because the pertechnetate ion, Tc0,~, {s the most stable species

of technaciun~in aqueous solutions, TeO,~ Vill not be subject to
ion exchange; hence, technetium will show little adsorption to
soil; a

(2) 1in soils with appreciable organic matter, Tc # may be reduced to
‘Te™ and adsorbed. .

The recomtended K, value means, sﬁéndatd deviations, ranges and distribu-

d
tion parameters for technetium by goil type, based on Table 27, are givea in
Table 28. '
TABLE 28

K. FOR TECHNETIUM
3 ..

Soil R S.D. n K, Range Lognormal
Type (ﬂlas) ?uL/g) Distribution

. “w o
Sand 29.39 100.1 15 1.0x10-3 o 338 -1.148 1.565
sile 1.426 3.869 8  1.0x10~3 to 11 -1.332 1.290
Organic 118.4 192.0 3 0.24 to 340 1.029 1.581

* Uarescricted, unpublished report, available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Ontarios KOJ 1J0. - - 98
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ol 1 ] T 1 W t(_b) ac 1 hee Comyet ing K St} Location
Type Send Skt Quy Orgailc CaD, Saciwstod Paste (/I g) beom (mides Onifon (d’g or Ocacription Reference
Sud (Y 9 [ 0.30 0.0} 8.2) - 3.0 - wee rel. 0.07 1 0.2 Sodlment 8 (solution 1) Serne e sl., 1978
[} 9 4 0.10 0.07 8.2 oaldincd 3.0 - Ny Qtemte 0.32 (>x10"? a0lN. Henford eotl Prant et al., 1982
auvk rolar Tc)
' Ratio - 0
u’ y [ TR] 0.1 [N} P T B oYY - . My Qurate 32 OuU Y ai Daturd ol Menc et sb., 1902
) AU/ tolas Yc)
Ratla -0
Y] 9 ¢ 0t o .y tedael 5.0 - N, Cltrste 388 (5205 mil/l  twnford eutd Pranc et al., 1962
Qt/Tc wiar Tc)
Ratio = 15
b IS }Y 12 b0 - 5.6 - 15.2 [N} - 0.15 Aplc hraglinhoept (A,-4,) Blogh & Crigal, 1940
9 ) 02 - 3.7 - )2 a.6 - 0.0 Alfic Udlpesaent (B) Salogh § Grigsl, 1980
i W o s - 8.0 - 20.4 0.) - 0.078 aplc Hapluboll (Ap) Mlogh § Origsl, 1980
"o .8 - 8.) - n.; 0.2 - 0.000 AMulc Haplotoroll (M) Sslagh & Grigal, 1900
1 3 » - [UN] 5.1 - 1.3 - 0.02 m)A. #0019 2 0.06 Sauth Garoline euteatl fouceon <t al., 1977
NaHD ]
]
39 4 Ll - .2 3 - 2.5 - 0.008 i -0.052 t 0.01+ Sauth Caroline ebwoll Rutaon ¢t ab., 1977 -
@i
* ) hay
9 & 3 - «0.2 5.1 - 2.5 - 0.R0 wll. -0.01) ¢t 0.0t South Quoliina sdwoll Ragoon et al., 1977
NHD ]
»
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coarse swid - e 8.4 (wier) - 1.2 1182 (1g/g) wcc tef. 0.0% sand Swpperd ot ol., 198)
st O ooonas 14 8.7 - 12.0 - ses 1uf. -2.77 £ 0.» Sod{mert A (sohistion V) Serne et o)., 1978
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i I 7] [T S ] - S.% - 1n. 1.4 - 0.068 Typic Bitsoborult (4,) Salogh & Crigs), 19680
? o s - 1.7 - 16.9 0.1 - 0.8 teric Gictaquoll (4,) Wlogh § Crigal, 1980
[ Y % 0 - 1 - 6.4 0.3 - 0.118 Quulic teplaqull (M) Salogh § Crigsl, 1980
n »n 0 1) - 1.8 - (358 0.} - 0.07% Typic tplaqoll (A3) Mlogh § Grigal, 1960
b} IS TR I W'} - 3.9 - 19.) 0.9 - 0.011 Mute teplulol) (A)) Balogh & Origsl, 1980
8 o )2 I B - 6.6 - 16.9 1.2 - 0.000 (e tmplobarull (4p) alogh § Origal, 1900
Organic chmiaml - - 6.4- 6.6 - - - NC) brfre 0 activated “Nuchar® ok, 138)
ooe tef.
ten 3.0 2).) - (35 - Lo 0.5 0.0! or 0.05 0.2¢ fen ooll, tacmn (tetlwrlands) ey b Myllowae,
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Bass and Sharp (1981) suggested a aean valua of -1.5 for tha
loglozd for technerium, with a corresponding standard deviatiocn of §.5 (see
Table 1). Mousay and Myttenaere (198l) investigated the effect of tempera=-
ture oa the soil adsorption of technetium and reported that, for seven soils
{avestigated (including a podzol soil and a fem soil), Kd ranged from 0.007
to 0.234 mL/g. 3Bsas and Sharp (1981) suggested tha Kd range i3 0.003 to
0.28 ml/g (ses Table 1). Wildung et al. (1974) selected 22 gurfaca soils
with the following range of properties:

Organic

CEC pHd Carbonate Carbon Saund Siit Clay
(zeq/100 g) b4

5.5-90 N1] 3.6~8.9 0=6.5 0.23_28 8 14.1-73 ol 17 .6-58 .0 3 ‘8-46 &

and suggested that the Kd for technetium ranges from 0.007 to 2.3 mL/g..

They also suggested a prediction equacion of the form
Kd b 0008 X3 - 0009 XA (7)

where x3 is the organic carbon coatent,
XA i3 the pH.

Vandergraaf (1982) recoumended a Kd.range for technetium of 0 to 80 mL/g for
granites.

Technetium References

Baes [II, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge Natiomal Labora-
tory Repart, CONF-81Q606-~44.

Balogh, J.C. and D.F. Grigal. 1980. Soil chromatographic movement of 9%rc
through selected Minnesota soils. Soil Science 130, 278-282.

Franz, J.A., L.Y. Martin and D.J. Wiggins. 1982. Behavior of reduced 2%rc
and Tc organic complexes on Hanford soil. Pacific Northwest Labara-
tory Report, PNL-4178, UC-70.
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4.13 TIN

Gerritse et al. (1982) suggested that the Kd value for tin ranges
from 1 x 102 to 1 x 10° uL/g. We recoumend that tha K, distribution infor-

d
mation for lead be used for tin. ‘

Unrestricted, unpublished report, available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Ontarioc KOJ 1JO. - 1_()1
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Tin Refersnce

Gerritse, R.Ge, R. Vriegema, J.W. Dalenberg and H.P. De Roos. 1982, Effact
of sewage sludge oo trace element mobility in soila. J. Envirom. Qual.
11, 359=364.

4.14 ZIRCONTOM AND NIOBIUM

Rhodes (1957) reported Ky values ranging from 90 al/g (pH = 6.0)
to » 1980 aL/g (pd = 2.7, 3.5, 4.4, 8.6 avd 9.3) for zirconiumniobium ad=
sorption on Hanford subsoil. From this information, in the pd range of most
{aterest for surface soil (pH = 5 to 8, a sandy soil), zirconium has an
average.xd of 164 mlL/g. This appears to agree well with cha-Kd for niobium
of 210 mL/g recommended for granite (Vandergraaf, 1982). Vandergraat also
recommended a Kd range for zirconium of 1000 to 6000 mL/g for granite.
Allard et al. (1977) reported a Kd range for zircounium of 50 to 1000 mL/g

for clay/aud and 1250 to 6300 aL/g for graanite.

Based on this informatioun, the recommended mean of the logmormal
" distribution for zirconium and niobium is 2.5 with a standard deviacion of
1.0. 3Because information i3 insuif;cient to break it dowm by soil type, one
value i3 recommended for all soi; types.

Zirconium and Niobium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long=~iived radio-
nuclides in clay and rock. Part 1. Determinacicn of Distributiocm
Coefficients. KBS Technical Report 55.

Rhodes, D.W. 1957. The effect of pH on the uptake of radicactive isotopes
from solution by.a soil. Soil Sc. Am. Proc. 21, 389.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients far radio-
nuclides om granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120%.

* Uanrestricted, unpublished report, available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Ontario KOJ 1JO. - 9
j
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5. DISTRIBUTION COEFFICIENTS FOR OTHER NUCLIDES

5.1 . ANTIMONY

No specific soil Kd information was found for antimony. The Kd
values for lead are recommended for antimony, because of it3 proximity to
lead in the Periodic Table.

5.2 BORON

Little information was found on boron adsorption om asoils; how=
aver, :ihere is some indication chat adsorption is influenced by soil texture
and the presence of soluble salts and exchangeable cations (Gupta, 1980).
Boron adsorption information reported by Kerean and Q'Connor (1982) for momt~-
sorillonite and illite indicated that the K, value for borom for these pure
clays could be as high as 20 mL/g. That work suggested that the L value
for soils may be in the range 0 to 10 mL/g. We recommend a value of 1 oL/g

for assessment purposes; the lognofmal distribution parameter values cannot
be given.

Boron References

Gupta, L[.C. 1980. <Zquilibrium adeorption of boron as affeczed by texture,
- salinity and alkalinity of soil. Ann. Arid Zoue 19, 263-248 .

Keren, X. and G.A. O'Connor. 1982. Effec: of exchangeable ions and ionic

strength on boron adsorption by montmorillonite and i{llite. Clays Clay
Miger. 30, 341-346.

5.3 cADMIUY

Most of the work carried out with cadmium has been in response to
environmental concerns about the applicacion of sewage sludge to agricultur-
al land. The sorption of cadmium oo s0ils and sediments has been studied by
Poelstra et al. (1979), Rendell et al. (1980), Hemdrickson and Corey (1981),
©and Gerritse et al. (1982). The recommended Ky valua means, standard devia-
tions, ranges and distribution paramecters for cadmium, based om Table
are given in Table 30. )
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Sot} 4 3 4 4 9 pe Qc 1 Ree Coopsticg X Sofl location
Bpe Sad Siht Qe Gegmic G, Setursted Pesie (00q/100 g) lion Oxldes (ntloo (-lj;) or Deacsiptlon Maference
Sard sandy soil - - 6.3 - 31.6 - - 6.7 Sandy eofl (Brmnedsalg)  Posletrs ot al., 1979
0-20 =
sandy eoll - - 6.5 3.6 - - Al.en Sandy @il (ranedwelg) FPosletrs e al., 1979
3040
sandy il O 3.3 - 43-3.0 - 12 - () - 1.62u10? Sl C Cexritse ot al., 1962
0-0.013 molL .
sandy soll 20 2.3 - 1.5 - 6.0 - 16 - [oa?) « s.ox0? ®U 0 Carricse ot sl., 1962
: 00.013 mlNL
(ine sand [ - 8.2 - 1n - - n thilantale fine sand Wng et al., 190)
st 3 IO 0.72 - 84 - v .07 - ) lagertia) (1iformts) Gurcistdcagays, 1960
- 4 3.8 - $.0 - 5 1.0 - 9.9 Q) fvachs ba (Oslffornta) Qercla-ticagaye, 1990
a6 m |18 ) - 3. - 2% .29 - 16 Rooser ((alffornta) Carcle-Mcagnyu, 1990
Clay claywll 22 & trace | XY - - - - 629 (Valtarg) 0-30 o Noelsas ot al., 1979
Oganic  erganic 16 - 5.2 - 1.8 - - 2 orpenic Garcis- ragaye, 1900
post eol} 93 - 3.4 (uwp)y - - - - o (Schoonabes ) Foslatrs ot al., 1979
%0 4.3 {a?h] - 1.84a20? Sotl & Getritas ot ol., 1902
0~0413 wI/L
»0 403 jad . 9.0u10? Peot A Cetriton o o)., 1982
0-0.01% wINL
#0 6.2 jad) - 3.76x10? sl 9 Gusritse ot al., 1982
0-0.013 i1
sphagnn pest - 4t0) - - - - 1.700% Noat Wi ot al., 877
sptagns pest - 4108 0.23 = 3ot feat wis a al., 107
oAl «l.
- 1.2 - » - - Ml svarvge of ) leyure g ot al., 1990
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TABLE 10
K, POR CADMIUM
Soil i7 SeD. a K4 Range " Lognormal.
Type (aL/g) mL/g) Discribution
33 - 1

sand 189.7 194.1 S 47 .6 toa 500 2.09%  0.4397
sile 33.93 36.56 3 9.8 to 76 1.359  0.4645
organtc 4246 6110 3 23 to 1.7x10*  2.880 1.090

Hendrickson and Corey (1981) reported Kd data from geveral
authors, and. their plot indicated that the Kd range i3 0 to 6 alL/g and is
significantiy dependent on both the cadmium and calcium contents of the
soil. Navrot et al. (1978) reported Kd values for cadmium for five Israeli
soils ranging from L x 103 to 1 x 10“ aL/g, aod the R, value vas correlated

to specific soll surface area.

Cadmium References

Garcia-Miragaya, J. 1980. Speciflic sorption of trace amounts of cadmium by
soils. Commun. Soil Sci. Plant Anal. 11, 1157-1166.

Gerritse, R.G., R. Vriesena,ij.w. Dalenberg and H.P. De Roos. 1982. Effect
of sewage sludge on trace elemeant mobility in soils. J. Eavirom. Qual.
11, 359-364.

Hendrickson, L.L. and R.B. Corey. 198l. Effect of equilibrium mecal com=
centrations om apparent selectivity coefficients of soil compiexes.
Soil Science 131, 163-171.

Navrot, J., A. Singer and A. Banim. 1978. Adsorption of cadmium and its
exchange characteristics in some Israeli soils. J. Soil Seci. 29,
505-511. ‘ —

Poelstra, P., M.J. Frisgel and N. El-Bassam. 1979. Traasport and accumula-
tion of Cd ioms in soils and plants. 2. Pflanzenernaehr. Bodenkd.
142, 848-864.

Rendell, D.S., G.E. Batley and A.J. Cameroun. 1980. Adsorption as a coatrol
of metal concentratioans in sedimentc extracts. Eaviroa. Sci. Technol.

14, 314-318.
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w°1£, AO' K. Bml, ?.o Di‘tl and ‘Uo?- Sdllidto 19770 E!flct of m
lons on the absorption of lead (2+), copper (2+), cadmium (2+) and zinc
(2%) by humic substances. Chemosphere 6, 207-213.

Woug, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983. Heavy matal migracion in soil-leachata systems. Bilo-
cyele 24, 30=33. ' .

5.4 TELLURIUM

Allard et al. (1977) suggested that tha K 4 valus for tellurium for
clay/mud and granite is 1 mL/g. This work suggests that tha K 4 Fa08e may be
0 to 1 mL/g. We recommend a K 4 value of Q al/g for assessment purposes; no

distridbuction paramecer values can be given.

Tellurium Reference

Allard, B., H. Kipatsi and J. Rydberg. 1977. Adsorptioa of long-iived
radionuclides in clay and bedrock. Part 1. Datermination of discribu=
tion coefficients. KBS Technical Report 55.

5.5 ZINC

Gerritse et al. (1982) suggested that tha Kd values for both zine
and cadmium range from 1 x 103 to 1 x 10* mL/g, and their data for sandy and
organic soils show that the two elements exhibit very similar sorption be=
haviour. The tecomende/d K 4 value means, standard deviations, ranges and
distribution parameters for zinc, based oun Table 31, are given in Table 32.

TABLE 32

K. FOR ZINC

M
Soil R S.D. a K, Range Loguormal
Type (nl-’s) (mL/g) Distridbution :

: m a - |

Sand 622.0 911.6 5 8.1 to 2120 1.762  1.694 |
silt 51.8 68.17 2 3.6 to 100 1.278 1.021 ‘\
Organic 4092 4909 6 70 to 1.3xz10% 3.185 0.83
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Sol} 2 3 4 X 4 ar [r /o 1 Free Compret $rg [ So1l Locatton .
Type Sad Siii Clay Ongsnic Cefd, Set\wetad Peste ( (an/100 g) [ron Oxides  Outlon (dj;) or Description Meference
Sand ey eof) 1.5 - 43-3.0 - 1 - |cat?) - 1.m10'  sotl € Cerrites et ol., 1962
- 0-0.013 mINL
sandy eull 2.3 - 15-0.0 - Y - (] - FRYISTLE N I Carritee ot al., 1982
00.013 mIN.
- - - 4.8 - - - 0.1 miA Cal; 0.1 Florida Graham, 1973
- - - 6.2 - - - Olminacl; Floride ¢ Graham, 1973
fine sand 1.6 - 8.2 - 1 - - 810 Aallendale tine saxd sorg et a8, 197)
stle o1t lom - - 3.0 - - - 0.l mIN GaCl; 3.6 Masaurt 23 Cruhes, 1973
siit lam - - 1.4 - - - 0.l i ca3; 100 Hoesaxt 24 Crahen, 1813
Grpnic  organic 0 - R - - - (o™ - 1000 Godl A Cesvitee o€ ol-, 1982
0-0.013 mINL
organdc #0 - 4-3 - - - ) - 6 .3x10? Past A Gerritae ot al., 1902
0-0.013 mol/L ’
organie 70 - 62 - - - ('t . 18810  Sotd B Gurtites & al., 1982
00.013 mINL
ghagno pest - A= - - - - 1.310" Pest wif & al., 1977
ophegm past - A-3 - - - 0.2 wq 1.0a10'  pest wif o« ol., 7
aMrL ol
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Zinc Rafarsnces

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roos. 1982. Effsct

of sewage sludge ou trace element mobility in eoils. J. Enviroa. Qual.
11, 359-364.

Graham, E.R. 1973. Selective distribution and labile pools of micronutri~-

ent elements as factors affecting plant upcaka. Soil Sci. Soc. Amer.
‘ Proc. % 70‘7&-

w°1f, Ac, K- Bml’ P Dletl and U-?- Schﬂidt. 19770 Btt‘c‘ of ulcim
ions on the absorption of lead (2+), copper (2%), cadmium (2*) and zine
(2¥) by humic substances. Chemosphere 6, 207-213.

Wong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983. Heavy matal migracion in soil-leachate syscems. Bio-
cyele 24, 30-33.

5. CONCLUSIONS

. The paucity of Kd values for organic soil 13 the most striking
observation from cur review of the literature. Plutonoium, lead, technecium,
cadmium and zinc were the only nuclides for which more than two Ky values
have been determined for an orgamic soil (see Table 33). The next most
i{mportant obgervation i3 that very little work has been done with mineral
soils for some of the more mobile nuclides with Kd values up to 100 al/g,
such as uranium, technetium, molybdenum, ilodine, selenium, carbon, borom,
and tellurium. There may be good reasons why more Kd work i3 not warranted
for these nuclides in the Canadian vaate management program, such as the
formation of precipitates or reduction to an immobile species in the vault
or geosphere. Our major recommendation i3 that effort be directed towards
the chemistry (including paramecer determination, i.e., Kd determinactious)
of organic soils, and in particular the reactions of uranium, technetiunm,
fodine, selenium and carbon with organic soils. 1In spite of the limited
data base, it 18 possible to select reasdnsble K, distribution paramecer

d
values for most nuclides for long-term waste management assessment

purposese
s
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TABLE 33

AVAILABILITY OF K, DATA FOR PACH NUCLIDE BY SOIL TYPR

Soil Type

Nuclide ~ sand silc Clay Orgaatc

Actianiim X
Amsricium
Aatisony-
Bismuth
Boron
Cadmium
Calcium
Cacbon
Casiunm
Iodine
Lead
Molybdenum X
Neptuaium

Nickel

Palladiun
Plutonius

Poloaium
Protactinium
Radium

Rare Earths
Selenium

Silver

Strontium
Technetium
Telluriua

Thorium

Tin

Uraniuna

Zinc

Zirconium & Niobium

>

PP MM

b4 ” o]
(o] o] o]

FHa R el
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PP PEpe s DIDE DI PO PP P IC PP P

WU PP PP PP P

oM
Lo R Rl o

X denotes 2 or fewer zd values.
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